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FOREWORD 
This final report was prepared by the Hughes Aircraft Company, Electron Dynamics 
Division, for the NASA Johnson Space Center. 
The purpose of this program was to determine the feasibility of using advanced 
honeycomb panel heat pipes as reliable, lightweight, and highly efficient radia- 
tors for future space station applications. 
the design, fabrication, testing, and delivery of two prototype heat pipe panels, 
which are 24 inches (0.61 m) wide by 120 inches (3.0 m) long. The first panel 
was fabricated from stainless steel, and the second panel was fabricated from 
aluminum. This report describes the results of this development program. 
The scope of this program included 
This program was conducted in accordance with the Statement of Work in NASA 
Contract NAS9-16581. Mr. G.L. Fleischman was the Hughes, Electron Dynamics 
Division, Project Manager, while Mr. A. Basiulis served as both administrative 
and technical adviser at Hughes. 
less steel honeycomb panel heat pipe design and analysis. 
to Hughes specifications by Astech Division of TRE Corporation, Santa Ana, 
California. Mr. S . J .  Peck was responsible for the aluminum panel heat pipe 
design, analysis, fabrication, and testing. Technical direction was provided 
by Mr. J.G. Rankin, Technical Representative, NASA Johnson Space Center. 
Mr. H.J. Tamer was responsible for the stain- 
It was manufactured 
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1.0 SUMMARY 
The f e a s i b i l i t y  of f a b r i c a t i n g  and p rocess ing  moderate temperature  range (-20 
t o  65OC) l i g h t w e i g h t  h e a t  p ipe  pane l s  f o r  advanced space r a d i a t o r  a p p l i c a t i o n s  
w a s  i n v e s t i g a t e d .  Both a s t a i n l e s s  s t ee l  honeycomb h e a t  p ipe  panel  and an 
aluminum h e a t  p ipe  panel  were developed. 
An all-welded s t a i n l e s s  s tee l  honeycomb panel  was t h e  f i r s t  p ro to type  panel  t o  
be b u i l t .  Methanol was s e l e c t e d  as t h e  working f l u i d  because of i t s  f a v o r a b l e  
thermal  performance and vapor p r e s s u r e  c h a r a c t e r i s t i c s  ove r  t h e  temperature  
range of i n t e r e s t .  I t  i s  a l s o  compatible  wi th  t h e  s t a i n l e s s  s t e e l  envelope 
mater ia l .  The d e s i g n  goa l  was t o  b u i l d  a 3.0 by 0.6 m (120.0 by 24.0 inch )  
h e a t  p ipe  pane l  t h a t  would d i s s i p a t e  1000 wat ts  under 1-g tes t  c o n d i t i o n s .  
The a s - b u i l t  c o n f i g u r a t i o n  of t h e  s t a i n l e s s  s t ee l  p r o t o t y p e  u n i t  measured 3.0 m 
long by 0.6 m wide by 6.4 mm t h i c k  (120.0 by 24.0 by 0.25 i n c h e s )  and weighed 
9.2 kg/m (1.9 l b m l f t  1, i n c l u d i n g  t h e  f l u i d  f i l l .  Test  r e s u l t s  u s i n g  
methanol as t h e  working f l u i d  demonstrated a maximum h e a t  t r a n s p o r t  c a p a c i t y  
of 600 wat t s  a t  5OoC w i t h  a 25.4 mm (1.0 inch )  h e a t e r  a long  t h e  c e n t e r  l i n e  o f  
t h e  panel .  The h e a t  p ipe  panel  w a s  i so the rma l  t o  w i t h i n  11.5OC throughout t h e  
e n t i r e  a c t i v e  s u r f a c e .  This  performance f e l l  s h o r t  of t h e  des ign  g o a l  of 
1000 wat t s ,  p r i m a r i l y  because t h e  vapor h o l e s  were punched i n  eve ry  o t h e r  crimp 
of t h e  honeycomb c o r e  r ibbon  material ,  r a t h e r  than eve ry  crimp as o r i g i n a l l y  
designed.  However, analysis with a model correlated to  the as-built panel 
test  r e s u l t s  p r e d i c t s  t h a t  t h e  1000-watt g o a l  can be exceeded by s imply inc lud -  
i n g  t h e  c o r r e c t  number and d i s t r i b u t i o n  o f  vapor h o l e s  i n  t h e  c o r e  r ibbon  
ma te r i a l  . 
2 2 
A f t e r  t h e  s u c c e s s f u l  demonstrat ion o f  t h e  s t a i n l e s s  s tee l  honeycomb pane l ,  a 
follow-on program w a s  i n i t i a t e d  by NASA-Johnson Space Center  (JSC) t o  extend 
t h e  panel  h e a t  pipe concept t o  l i g h t e r  weight aluminum materials.  A d e s i g n  
g o a l  of 7.0 kg/m (1.43 lbm/ f t  ) w a s  s e l e c t e d  f o r  t h i s  e f f o r t .  2 2 
During t h e  p re l imina ry  d e s i g n  phase of t h i s  follow-on program, i t  was d e t e r -  
mined t h a t  an aluminum honeycomb panel  des ign  could not  be f a b r i c a t e d  i n  t h e  
1-1 
same manner as t h e  s t a i n l e s s  s t e e l  pane l .  The re fo re ,  an  a l t e r n a t i v e  formed 
des ign  approach was s e l e c t e d .  
The formed d e s i g n  c o n s i s t s  of two grooved f a c e s h e e t s :  
and t h e  o t h e r  f aceshee t  is formed i n t o  a dimpled pan. These f a c e s h e e t s  a r e  
then  r e s i s t a n c e  welded t o g e t h e r .  The end r e s u l t  is a h e a t  p ipe  pane l  con- 
s t r u c t e d  wi th  only t h r e e  p i ece -pa r t s :  two f a c e s h e e t s  and a f i l l  tube.  The 
grooves provide t h e  necessa ry  c a p i l l a r y  pumping. Acetone was s e l e c t e d  a s  t h e  
working f l u i d  because of i t s  f avorab le  thermal  c h a r a c t e r i s t i c s  and low vapor 
p r e s s u r e  ove r  t h e  -20 t o  65OC t empera ture  range. Methanol, which was used i n  
t h e  s t a i n l e s s  pane l ,  is no t  compatible  wi th  aluminum. 
One f aceshee t  i s  f l a t ,  
The aluminum pro to type  c o n s i s t s  of 10 i n d i v i d u a l  0.6 by 0.3 m (24.0 by 
12.0 i nch )  formed des ign  panels .  The t e n  i n d i v i d u a l  pane l s  (modules) are 
welded together, edge to  edge, to  form one large panel. The a s - b u i l t  panel  
dimensions are 3.1 m wide by 0.6 m long by 6.4 mm t h i c k  (122.0 by 24.0 by 
2 2 0.15 i n c h e s ) .  The panel  weighs 7.1 kg/m (1.46 lbm/f t  1, i n c l u d i n g  t h e  f l u i d  
f i l l .  T e s t  r e s u l t s  u s ing  ace tone  as t h e  working f l u i d  demonstrated 1000 wat t s  
a t  7OoC w i t h  no ev idence  of d ryou t .  Because t h e  t es t  f a c i l i t y  h e a t  s i n k  was 
l i m i t e d  t o  t h i s  power l e v e l ,  i t  was no t  p o s s i b l e  t o  determine t h e  maximum t r a n s -  
p o r t  c a p a b i l i t y .  
7.7OC. 
I n d i v i d u a l  pane l  ATs v a r i e d  from a low of 0.loC t o  a h igh  of  
0 The average panel  AT was 2.3 C. 
1-2 
2.0 INTRODUCTION 
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Future space stations and space platforms will require highly efficient radia- 
tor systems for dissipation of several kilowatts of waste heat.' These radia- 
tor systems must be lightweight and simple to fabricate in space environments. 
The radiator system should consist of as few parts as possible to minimize pay- 
load weight and the amount of on-orbit assembly and repair. 
NASA initiated the development of a space radiator system known as the Space 
Constructible Radiator (SCR). 
extension that focused on unmanned platforms ,3 development of constructible 
radiator technology was judged to have significant potential for heat rejection 
system-level improvements. This includes high-capacity heat pipes, efficient 
"plug in" contact heat exchangers, and lightweight efficient radiator fins. 
To meet these goals, 
In an initial study on manned platforms2 and an 
4 
A s  the performance of large transport heat pipes continues to increase, a cor- 
responding improvement must be made in the efficiency of longer radiating fins 
in order to take advantage of the heat pipe's maximum transport potential. 
Longer fins will, in turn, minimize the total number of transport heat pipes 
required for a given system size. 
gate the feasibility of using the honeycomb panel heat pipe concept5 as a reli- 
able, lightweight, and highly efficient space radiator fin. The program objec- 
tive was to design, fabricate, test, and evaluate a representative segment of 
a full-size radiator fin. 
The purpose of this program was to investi- 
The program consisted of two phases: 
I. Stainless steel honeycomb panel development 
11. Lightweight aluminum panel development. 
The stainless steel heat pipe panel development is described in detail in 
References 6 ,  7,  and 8 .  This report summarizes the stainless steel panel 
results and describes the work performed in the development of lightweight 
aluminum heat pipe radiator panels. The design goals were as follows: 
0 Operating temperature range: -20' to 65OC (-4.0' to 149OF) 
0 Heat Rejection Requirements: 1000 watts 
0 
Weight: 57.0 kg/m2 (1.43 lbm/ft2). 
Panel Size: 3.0 by 0 . 6  m (120.0 x 24.0 inches) 
2-1 
3.0 DESIGN CONCEPT 
As t h e  modular SCR system i s  p r e s e n t l y  perce ived ,  a h igh-capac i ty  t r a n s p o r t  h e a t  
p ipe  w i l l  r e c e i v e  waste h e a t  from t h e  c e n t r a l  h e a t  a q u i s i t i o n  system of t h e  
space  s t a t i o n  and t r a n s p o r t  t h e  h e a t  t o  t h e  h e a t  p ipe  f i n s ,  which w i l l  t hen  
r a d i a t e  t h e  h e a t  t o  space.  The advantage of  a h e a t  
s o l i d  r a d i a t o r  i s  t h a t  t h e  h e a t  p i p e  r a d i a t o r  has a 
approximately 1.0. Both r a d i a t o r  system weight and 
mized by t h e  use of h e a t  p ipe  f i n s .  
F igu re  3-1 i l l u s t r a t e s  t h e  advantage of an  aluminum 
ve r sus  a s o l i d  aluminum f i n  (q f  % 0.9) .  This  graph 
p ipe  r a d i a t o r  € i n  ove r  a 
f i n  e f f i c i e n c y  (r l  of 
s u r f a c e  area can be mini- 
f 
h e a t  p ipe  f i n  (rlf ’L 1.0) 
shows t h a t ,  f o r  h igh  h e a t  
d i s s i p a t i o n  l o a d s  i n  space  environments,  l a r g e  f i n  s u r f a c e  areas w i l l  be  r equ i r ed .  
Moreover, f o r  s o l i d  f i n  l e n g t h s  ( L f )  over  12.5 cm (4.9 inch )  t h e  h e a t  p ipe  f i n  
w i l l  r a d i a t e  more h e a t  and weigh s i g n i f i c a n t l y  less than  a s o l i d  f i n .  
F i r s t  o r d e r  performance and weight t r a d e o f f s  are i l l u s t r a t e d  i n  F igu re  3-2 and 
Table  3-1 f o r  v a r i o u s  r a d i a t o r  system c o n f i g u r a t i o n s  having  a t o t a l  s u r f a c e  a r e a  
of 18.6 squa re  meters. F igu res  3-2a and 3-2b show t h a t  t h e  r a d i a t o r  wi th  h e a t  
p ipe  f i n s  d i s s i p a t e s  10 p e r c e n t  more h e a t  and weighs on t h e  o r d e r  of 16.0 kg 
less than  t h e  r a d i a t o r  wi th  s o l i d  f i n s .  This  corresponds t o  21.7 kg/kW f o r  t h e  
r a d i a t o r  w i t h  h e a t  p ipe  f i n s  ve r sus  28.2 kg/kW f o r  s o l i d  f i n s .  
r a d i a t o r  is l i g h t e r  because fewer t r a n s p o r t  h e a t  p ipes  and i n t e r f a c e  h e a t  
exchangers  a r e  r e q ~ i r e d . ~ ”  I f  t h e  h e a t  p i p e  fin l ength  is i nc reased  to 0.95 m, 
as  shown i n  F igu re  3-2c, t h e  o v e r a l l  r a d i a t o r  weight w i l l  be  22.8 kg l i g h t e r  
t han  w i t h  s o l i d  f i n s .  This  a d d i t i o n a l  weight  s av ings  occurs  because of s h o r t e r  
t r a n s p o r t  h e a t  p ipes .  Note t h a t  t he  t r a n s p o r t  h e a t  p ipes  i n  F igu res  3-2b and 
3-2c must be  l a r g e r  and, t h e r e f o r e ,  h e a v i e r  per  u n i t  l e n g t h  i n  o r d e r  t o  t r ans -  
p o r t  t h e  t o t a l  h e a t  load.  I t  was assumed f o r  t h i s  a n a l y s i s  t h a t  t h e  t r a n s p o r t  
p i p e s  i n  F igu res  3-2b and 3-2c were twice as heavy p e r  u n i t  l e n g t h  as those  i n  
F igu re  3-2a. However, t he  i n t e r f a c e  hea t  exchangers ,  which couple  each h e a t  
p ipe  evapora to r  t o  t h e  s p a c e c r a f t  thermal  bus c o o l a n t  loop, were assumed t o  be 
i d e n t i c a l  i n  weight f o r  a l l  t h r e e  cases .  No al lowance was  made €or  h ighe r  tem- 
p e r a t u r e  drops  due t o  t h e  increased  h e a t  f l u x  ac ross  s t r u c t u r a l  i n t e r f a c e s  
The h e a t  p i p e  
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Figure 3-1 Comparison o f  hea t  p i p e  f i n  performance 
versus  s o l i d  aluminum r a d i a t o r  f i n .  
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TABLE 3-1 
SUMMARY OF RADIATOR COMPONENT WEIGHTS (kg) 
Compo n en t 
F i n  
Transpor t  Heat P ipes  
I n t e r f a c e  Heat Exchanger 
T o t a l  Weight 
I 
25.4 
33.6 
45.4 
104.4 
F i n  Type 
I1 
59.0 
18.1 
11.3 
88.4 
I11 
59 .O 
11.3 
11.3 
81.6 
i n  F igu res  3-2b and 3-2c. Neve r the l e s s ,  i t  can be concluded from t h i s  s impl i -  
f i e d  a n a l y s i s  t h a t  t h e  h e a t  p i p e  fin has  b o t h  a w e i g h t  and area advantage over  
t h e  s o l i d  f i n .  The use of Long h e a t  p ipe  f i n s  a l lows  s h o r t e r  and fewer t r a n s -  
p o r t  h e a t  p ipes ,  a s  wel l  a s  fewer i n t e r f a c e  h e a t  exchangers ,  €or  a g iven  
r a d i a t o r  system. 
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4.0 STAINLESS STEEL HONEYCOMB PANEL DEVELOPMENT 
The s t a i n l e s s  s t ee l  honeycomb h e a t  p ipe  pane l  development is  desc r ibed  i n  d e t a i l  
i n  References 6, 7, and 8. T h i s  s e c t i o n  p rov ides  a summary of t h e  des ign ,  f a b r i -  
c a t i o n ,  and tes t  performance of t h e  p ro to type  h e a t  p ipe  r a d i a t o r  panel .  
4.1 CONCEPTUAL DESIGN 
The h e a t  p ipe  pane l ,  shown s c h e m a t i c a l l y  i n  Figure 4-1, c o n s i s t s  of a wickable 
honeycomb c o r e ,  i n t e r n a l l y  wickable f a c e s h e e t s ,  and an a p p r o p r i a t e  working f l u i d .  
Evaporat ion o f  t h e  working f l u i d  occur s  a t  any s e c t i o n  o f  the p a n e l  exposed t o  
h e a t i n g .  Vapor w i l l  flow t o  a c o o l e r  r eg ion  where i t  condenses,  and t h e  con- 
d e n s a t e  w i l l  r e t u r n  t o  t h e  evapora to r  by means of c a p i l l a r y  pumping a c t i o n  o f  
the  wick s t r u c t u r e .  
i n t e r c e l l u l a r  l i q u i d  flow along t h e  f a c e s ,  and p e r f o r a t e d  t o  a l l o w  i n t e r c e l l u l a r  
vapor flow. The i n t e r c e l l u l a r  communication of l i q u i d  and vapor is necessa ry  
t o  ensu re  h e a t  p ipe  a c t i o n ,  bo th  i n  t h e  p l a n e  of t h e  p a n e l  and through i t s  dep th .  
The primary mode o f  h e a t  t r a n s f e r  can be e i t h e r  t r a n s v e r s e  ( face- to-face)  o r  
l o n g i t u d i n a l  ( i n -p l ane ) ,  depending on t h e  wickable co re  design.  
The honeycomb ce l l s  can  be notched a t  b o t h  ends,  t o  a l low 
4.2 MANUFACTURING TECHNOLOGY STATUS 
The technology and commercial equipment are a v a i l a b l e  t o  c o n s t r u c t  a l l -welded,  
machine-assembled honeycomb pane l s .  lo A t  p r e s e n t ,  such panels  are constructed 
and formed i n t o  v a r i o u s  shapes f o r  u s e  i n  a i r c r a f t ,  missile,  and s h i p  frames. 
The honeycomb s t r u c t u r e  can be manufactured from any weldable material  (exclud- 
i n g  aluminum), up t o  1.22 m (48 i nches )  wide i n  any r easonab le  l e n g t h ,  w i t h  a 
minimum o v e r a l l  t h i c k n e s s  of 6.35 t o  25.4 mm (0.25 t o  1.0 i n c h ) ,  i n  a v a r i e t y  
of c e l l  and channel  s i z e s  from 6.35 t o  12.70 mm (0.25 t o  0.50 inch )  and shapes 
wi th  d i f f e r e n t  f a c e s h e e t  t h i c k n e s s e s .  The b a s i c  pane l  is  r e a d i l y  p roduc ib le  
i n t o  components by c u t t i n g ,  s t r e t ch - fo rming ,  drawing, welding, and r i v e t i n g .  
For t he  honeycomb pane l s  t o  f u n c t i o n  p r o p e r l y  as h e a t  p i p e s ,  t h e  i n t e r n a l  sur-  
f a c e s  must be f a b r i c a t e d  from porous materials or  have porous materials 
a t t a c h e d  t o  t h e  i n t e r n a l  s u r f a c e s .  The s t r u c t u r e  c o n s i s t s  of two i n t e r n a l l y  
G14165 
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Figure  4-1 Honeycomb h e a t p i p e  pane l  concept .  
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wickable faces bonded to perforated, wickable honeycomb core material. Calcu- 
lations and previous experiments with piece parts have led to the development 
of machine-fabricated, wickable honeycomb subscale liquid metal test panels for 
Various test samples thermal stress reductions in NASA Scramjet Engines. 
and prototype panels were built to evaluate alternative construction methods, 
to perform proof-pressure and weld-integrity testing, to verify heat pipe pro- 
cessing techniques, and to do performance testing. Evaluation of options 
resulted in final design and fabrication of 0.15 m2 by 0.03 m thick (6.0 by 
6.0 by 1.14 inches) test panels, constructed entirely of stainless steel mate- 
rials. Two designs for the honeycomb core were built: a foil-gauge sintered 
screen material, and a metal screen sintered to foil-gauge sheet material. The 
former design offers increased wicking capability, and the latter provides 
stronger structural design. 
sidewalls), cleaning and processing procedures, and experimentally determined 
wick parameters (capillary radius, r and permeability, K) for porous core 
C’ 
materials are reported in Reference 11. Table 4-1 outlines current manufactur- 
ing limits on the honeycomb heat pipe panel design. 
11,12 
Details of final panel construction (welding of 
4.3 DESIGN DETAILS AND CONSTRAINTS 
As a result oE experimental work reported previously,” certain design details 
and test data were established, which could be used as a baseline. The entire 
honeycomb panel is fabricated using an automated procedure for simultaneously 
resistance welding corrugated honeycomb core ribbons to each other (in the case 
of cells) and to both facesheets, forming a 6.35, 9.52, or 12.70 mm (0.25, 0.375, 
o r  0.5 inch) hexagonal cell or channel configurations. Core ribbon details are 
shown in Figure 4-2. 
component parts is shown in Figure 4-3. 
A sketch of the heat pipe honeycomb panel and associated 
The honeycomb panel manufacturer is machine limited to a maximum uninterrupted 
length of 3.0 m (120 inch). Beyond that, sections can be welded together to 
produce any longer length desired. The initial break in panel continuity, 
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TABLE 4-1 
MANUFACTURING LIMITS* FOR HONEYCOMB PANEL MATERIAL 
Faces hee t 
~ 0 Longest p i e c e  b e f o r e  welding: 0.64  m ( 4 8  i n c h e s )  
Honeycomb Panel 
0 M a t e r i a l s :  s t a i n l e s s  s t e e l ,  t i t a n i u m  
0 Longest s e c t i o n  b e f o r e  welding: 3.0 m (120 i n c h e s )  
0 Panel  width: 0.64 m (48 i n c h e s )  
0 Core depth: 6.35 t o  50.8 mm (0.25 t o  2.0 i n c h e s )  
0 Core r ibbon th i ckness :  0.15 mm (0.006 inch )  maximum 
0 C e l l  o r  channel s i z e s :  6.35, 9.52, and 12.70 mm (0.25, 0.375, 
and 0.5 i nch )  
0 Facesheet t h i ckness :  0.25 t o  0.76 mm (0.010 t o  0.030 inch )  
*Dic ta ted  by m a t e r i a l s  s u p p l i e r  and panel  manufac turer  
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Figure 4-2 Core ribbon detai ls .  
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0.61 
i 
tions8 based on this design verified that the panel can meet the 1000 watt 
heat transport requirement. These performance predictions are plotted in Fig- 
ure 4-5 as a function of operating temperature. 
C. 14254A 
CORE RIBBONS 
RESISTANCE WELDED 
TO FACESHEETS 
CELL SIZE 
12.70 MM 
(0.5 IN.)  
SEAM WELD, 
ALL AROUND 
1 
6.35 MM (0.25 IN.) 
PERFORATIONS 
Figure 4-3 Sketch of heat pipe honeycomb panel. 
however, is created by weld joining of facesheet subsections. The sintered 
facesheet fabricator produces a maximum standard length of 1.22  m (48 inches), 
which dictates that honeycomb panel weld seams shall occur at least every 
1.22  m (Figure 4-4) .  
Since the heat flow is in the same direction as the weld seam, and since the 
core ribbon crosses the welds to provide liquid communication, the detrimental 
effect on heat pipe performance is minimized. Conventional plasma butt welding 
will produce a seam width of approximately 2.38 mm ( 0 . 0 9 4  inch). Electron 
beam welding can reduce the facesheet wick destruction zone to an absolute 
minimum, and was therefore the preferred method. I 
I 
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Figure  4-4 Panel weld seams. 
TABLE 4-2 
DESIGN SUMMARY FOR STAINLESS STEEL HONEYCOMB RADIATOR PANEL 
S e l e c t e d  des ign  parameters 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
All s t a i n l e s s  s tee l  c o n s t r u c t i o n  
Faceshee t  t h i ckness :  0.46 mm (0.018 inch) 
Wire mesh l amina te  f o r  core  r ibbon 
O v e r a l l  l e n g t h  of panel :  3.0 m (120 i n c h e s )  
O v e r a l l  pane l  width: 0.60 m (24 i nches )  
Core r ibbon dep th  (D): 6.35 mm, (0.25 inch )  
Core r ibbon  h o l e  p a t t e r n :  
Two 1.59 mm (0.063 inch )  h o l e s  p e r  c e l l  w a l l  
Honeycomb c e l l  s i z e :  12.70 mm (0.5 inch )  
Faceshee t  wick layers: 1 
Working F lu id :  Methanol 
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Figure  4-5 Performance l i m i t s  v e r s u s  t empera tu re  f o r  
6.35 nun (0.25 in.)  t h i c k  honeycomb c e l l  
pane l .  
4 -8 
4.4 FABRICATION 
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The fo l lowing  s e c t i o n  d e s c r i b e s  t h e  assembly s t e p s  r e q u i r e d  f o r  s t a i n l e s s  s t e e l  
honeycomb panel  f a b r i c a t i o n .  
4.4.1 D i f f u s i o n  Welded M a t e r i a l  
A s  p rev ious ly  d e s c r i b e d ,  t h e  f aceshee t  m a t e r i a l  c o n s i s t s  of one l a y e r  of 
120 by 120 mesh 316 SST s c r e e n ,  d i f f u s i o n  bonded ( s i n t e r e d )  t o  one l a y e r  of 
0.46 nun (0.018 inch )  t h i c k  316 SST s h e e t .  F igure  4-6 i s  a c r o s s  s e c t i o n  of 
the  f a c e s h e e t l s i n t e r e d  wick i n t e r f a c e .  The l a r g e s t  a v a i l a b l e  s t o c k  s i z e s  f o r  
t h i s  m a t e r i a l  a r e  1 .2  by 0.6 m (48 by 24 inches )  and 0.9 by 0.9 m (36 by 
36 inches )  due t o  vacuum furnace  s i z e  l i m i t a t i o n s .  To achieve  a f i n i s h e d  panel  
wid th  of 0 .6  m (24 i n c h e s ) ,  t h e  pane l  welder  r e q u i r e s  a s t a r t i n g  f a c e s h e e t  
width of a t  l e a s t  0.7 m (0.05 m e x t r a  a t  both  edges f o r  "grabbing" t h e  pane l  
d u r i n g  t h e  w e l d  o p e r a t i o n ) .  
used. This  f aceshee t  m a t e r i a l ,  a s  o r i g i n a l l y  r ece ived ,  was unacceptab le  
because of t h e  presence  of sma l l ,  sha rp  dep res s ions .  
reworked by f l a t t e n i n g  i t  i n  a r o l l i n g  machine. However, t h e  mater ia l  had t o  
be trimmed t o  0.91 by 0.66 m (36 by 26 inches ) .  I t  fo l lows ,  then ,  t h a t  t h e  
f i n a l  pane l  would c o n s i s t  of f i v e  s e c t i o n s  j o i n e d  t o g e t h e r  t o  c r e a t e  a t o t a l  
l e n g t h  of 3.0 m (120 i n c h e s ) ;  i n  o t h e r  words, welds would occur  eve ry  0.66 m 
(26  i n c h e s ) ,  r a t h e r  than  every  1.2 m (48  inches )  as o r i g i n a l l y  planned. 
Therefore ,  t h e  0.9 by 0.9 m s i n t e r e d  s t o c k  was 
The material  w a s  
The core  r ibbon  m a t e r i a l  c o n s i s t s  of s i n t e r e d  316 SST twilled-weave, wire mesh 
lamina te  (165 by 1400 mesh),  which i s  1.67 mm (0.0055 inch )  t h i c k .  Shee t s  
measuring 1.2 by 0.6 m (48 by 24 inch)  were prepared .  
4.4.2 Core Ribbon F a b r i c a t i o n  
The r ibbon m a t e r i a l  was c u t  i n t o  t h i n  s t r i p s  (1.2 m long) ,  crimped, co r ruga ted ,  
and then fo lded  90' a t  bo th  1.2 m (48 i nches )  edges t o  form min i f l anges .  Holes 
( p e r f o r a t i o n s )  were punched i n t o  t h e  r ibbon wi th  smal l  d i e s .  A f t e r  some exper i -  
men ta t ion ,  t h e  panel  welder s e t t l e d  on t h e  i n c l u s i o n  of two 1.59 mm (0.063 inch)  
d iameter  h o l e s ,  which were loca ted  very  nea r  t h e  min i f l anges  a t  t h e  top  and 
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Figure  4-6  Cross s e c t i o n  of f a c e s h e e t / s i n t e r e d  
wick i n t e r f a c e  (250X). 
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bottom of every  second c e l l  f a c e  (vapor flow a r e a  through t h e  honeycomb c e l l s  
is  the summed open a r e a  from two faces  p e r  c e l l ) .  A photograph (F igu re  4-7) 
of t h e  f i n i s h e d  c o r e  r ibbon  shows t h e  h o l e s  punched on a l t e r n a t i n g  c e l l  wal ls .  
However, t h e  a c t u a l  vapor flow a r e a  was only 75 pe rcen t  of t h a t  o r i g i n a l l y  
d e s i r e d .  Also,  vapor flow was c o n s t r a i n e d  t o  a d i agona l  d i r e c t i o n  through t h e  
pane l ,  o r  a 41 percen t  i n c r e a s e  i n  t r a v e l  l e n g t h  from t h e  s t r a i g h t  d i r e c t i o n .  
Liquid  t r a n s p o r t  i s  a f f e c t e d  by t h e  l o c a t i o n  and spac ing  of s p o t  welds i n  i t s  
flow path.  An i n c r e a s e  of min i f l ange  t o  f aceshee t  spo t  weld spac ing  was 
r eques t ed .  However, t h e  a c t u a l  e x t e n t  of t h i s  i n c r e a s e  is u n c l e a r .  Upon 
c l o s e  examination of a f i n i s h e d  panel specimen, v a r i a n c e  i n  spotweld cons i s -  
tency makes i t  d i f f i c u l t  t o  e s t a b l i s h  a percentage  f a c t o r  f o r  t h e  "open" wick 
c r o s s - s e c t i o n a l  a r e a .  The i n i t i a l  e s t i m a t e  of a 25 percen t  porous zone may be 
o p t i m i s t i c .  Thermal t r a n s p o r t  c a p a c i t y  i s  s e n s i t i v e  t o  t h i s  a v a i l a b l e  wicking 
flow a r e a .  However, spo t  welds a t  core  r ibbon c e l l  w a l l  i n t e r f a c e s  ( s e e  Fig- 
ure  4-2) were e l i m i n a t e d  e n t i r e l y  ( a s  r e q u e s t e d ) ,  and t h i s  should i n c r e a s e  
t r a n s p o r t  c a p a c i t y  c o n t r i b u t i o n  of the  co re  wick. 
4.4.3 Panel  Faceshee t  J o i n i n g  
E l e c t r o n  beam welding of the  f aceshee t  s e c t i o n s  was o r i g i n a l l y  planned, b u t  
due to  c o s t  and t i m e  c o n s t r a i n t s ,  t h e  panel f a b r i c a t o r  e l e c t e d  t o  use b u t t  
welding (GTAW). Four b u t t  welds of t h i s  type were used f o r  welding f i v e  face- 
sheet sections into an overall length of 3.0 m (120 inches). Note that these 
welds a r e  i n  t h e  t r a n s v e r s e  d i r e c t i o n  para l le l  t o  t h e  l i q u i d  flow path.  More- 
ove r ,  the  c o r e  r ibbon  m a t e r i a l  c r o s s e s  t h e s e  welds t o  provide  l i q u i d  flow com- 
munica t ion .  
4.4.4 F i n a l  Panel F a b r i c a t i o n  
F igu re  4-8 i s  a close-up photograph of t h e  i n t e r n a l  honeycomb s t r u c t u r e  w i t h  
one f aceshee t  removed. The s i n t e r e d  c o r e  m a t e r i a l  ( r i b b o n s ) ,  p e r f o r a t e d  h o l e s  
f o r  vapor and l i q u i d  communication among t h e  c e l l s ,  and f a c e s h e e t  wick s i n t e r e d  
t o  the  f a c e s h e e t  m a t e r i a l  can be seen i n  t h i s  photograph. Spotwelds for a t t a c h -  
i n g  t h e  core r ibbon t o  t h e  f a c e s h e e t s  and a f aceshee t  b u t t  weld a r e  a l s o  v i s i b l e .  
4-1 1 
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Figure  4-7 Core r ibbon material a f t e r  cr imping.  
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Figure 4-8 Close-up of internal honeycomb structure. 
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Afte r  f a b r i c a t i o n  and trimming of t h e  honeycomb p a n e l  material  t o  s i z e  
(0.6 by 3.0 m), a r o l l e d  edge was formed, comple t e ly  e n c i r c l i n g  t h e  panel .  
The edge was b u t t - f u s i o n  (GTAW) welded a l l  around t o  produce a l e a k - t i g h t  seal  
( F i g u r e  4-9). A 6.35 mm (0.25 inch )  d i ame te r  h o l e  was d r i l l e d  a t  t h e  c e n t e r  
of  one s h o r t  (0 .6  m) edge,  and a 6.35 mm (0.25 i n c h )  d i a m e t e r  by 0.3 m 
( 1 2  i n c h e s )  l e n g t h  fill  tube  w a s  welded i n  p l a c e .  Th i s  t echn ique  r e s u l t e d  i n  
a s i n g l e  edge weld,  r a t h e r  t h a n  two welds ,  p l u s  a d d i t i o n a l  p i e c e  p a r t s  f o r  t h e  
edges as o r i g i n a l l y  env i s ioned .  The completed pane l  is shown i n  F i g u r e  4-9. 
4.5 PROCESSING PROCEDURES 
A f t e r  f a b r i c a t i o n  was completed,  t h e  p a n e l  was s u b j e c t e d  t o  a l e a k  t e s t  by 
i n t e r n a l l y  p r e s s u r i z i n g  t h e  pane l  t o  5 p s i g  u s i n g  hel ium, and checking f o r  
l e a k s  w i t h  a high-speed s n i f f e r  probe a t t a c h e d  t o  a VeecoTR mass s p e c t r o m e t e r  
l e a k  d e t e c t o r .  N o  l eakage  w a s  d e t e c t e d .  
Fol lowing  t h i s  l e a k  t e s t ,  t h e  p a n e l  w a s  vacuum baked a t  a t empera tu re  of  
approx ima te ly  65OC f o r  a pe r iod  of  261 hour s .  
t a p e s  were bonded t o  t h e  e x t e r n a l  s u r f a c e s  t o  p r o v i d e  a n  e l e v a t e d  t empera tu re  
d u r i n g  bakeout .  The pane l  o u t l e t  p r e s s u r e  w a s  on t h e  o r d e r  of T o r r  
d u r i n g  t h e  e n t i r e  bakeout  p e r i o d .  
E l e c t r i c a l  r e s i s t a n c e  h e a t e r  
A f t e r  bakeou t ,  t h e  p a n e l  w a s  t h e n  p rocessed .  F i r s t ,  0.518 kg (1.14 lbm) o f  
methanol  w a s  vacuum d i s t i l l e d  i n t o  an evacua ted  s t a i n l e s s  s t ee l  c y l i n d e r .  T h i s  
c y l i n d e r  was t h e n  connected t o  a v a l v e  a t t a c h e d  t o  t h e  honeycomb p a n e l ,  which 
was evacua ted .  Next,  t h e  methanol  was d r a i n e d  i n t o  t h e  pane l  and t h e  pane l  
was degassed.  
t h i c k  layer  of open c e l l  po lyu re thane  foam undernea th  and on t o p  of t h e  p a n e l ,  
and c o o l i n g  by pour ing  l i q u i d  n i t r o g e n  o n t o  t h e  t o p  l a y e r .  When t h e  pane l  was 
s u f f i c i e n t l y  coo led  (<-40 C), t h e  f i l l  v a l v e  was opened t o  vacuum t o  v e n t  t h e  
g a s e s .  
The d e g a s s i n g  w a s  accomplished by p l a c i n g  a 76.2 mm (3.0 i n c h e s )  
0 
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4.6 TEST PERFORMANCE 
( 1  i n c h )  wide s t r i p  running t h e  e n t i r e  l e n g t h  of t h e  pane l  (3 .0  m), as shown 
P r e l i m i n a r y  performance t e s t i n g  and checkout  of  t h e  honeycomb pane l  h e a t  p i p e  
was conducted i n  l a b o r a t o r y  ambient a i r .  For  t e s t i n g  o v e r  t h e  t empera tu re  
r ange  of  -20 t o  65 C ,  however, t h e  p a n e l  w a s  i n s t a l l e d  i n  a s p e c i a l  t e s t  
s t a t i o n .  The t e s t  s t a t i o n ,  methods,  and h e a t  t r a n s p o r t  performance tes t  
r e s u l t s  are d e s c r i b e d  i n  t h e  f o l l o w i n g  pa rag raphs .  
0 
4.6.1 T e s t  Se tup  
F i g u r e  4-10 i s  a photograph of t h e  t e s t  s t a t i o n  des igned  f o r  t e s t i n g  the honey- 
comb pane l  performance ove r  t h e  t empera tu re  r ange  -20 t o  65 C. R e f e r r i n g  t o  
t h e  s k e t c h  i n  F i g u r e  4-11, i t  can be  s e e n  t h a t  t h e  h e a t  s i n k  i s  provided by 
s i x  0.2 m (8 i n c h e s )  wide f l anged  aluminum e x t r u s i o n s  w i t h  25.4 mm (1.0 i n c h )  
d i a m e t e r  l i q u i d  n i t r o g e n  (LN ) c o o l a n t  pas sages .  Three e x t r u s i o n s  are p laced  
above t h e  t e s t  pane l  and t h r e e  below f o r  h e a t  r e j e c t i o n  from both s i d e s  of t h e  
p a n e l .  The t e s t  pane l  i s  c e n t e r e d  approx ima te ly  76.2 mm ( 3  i n c h e s )  from t h e  
f l anged  s u r f a c e s  of t h e  h e a t  s i n k s ,  u s i n g  a t o t a l  o f  e i g h t  a d j u s t a b l e  P l e x i -  
g l a s  s u p p o r t  pegs.  The t e s t  s e t u p  w a s  enc losed  i n  a 3.4 m long  by 0.8 m wide 
by 0.6 m h i g h  (132 by 30 by 24 i n c h e s )  P l e x i g l a s  chamber. Note t h a t  t h i s  i s  
n o t  a vacuum chamber, and h e a t  t r a n s f e r  from t h e  h e a t  p i p e  t o  t h e  h e a t  s i n k  i s  
by r a d i a t i o n ,  conduc t ion ,  and n a t u r a l  convec t ion  th rough  t h e  su r round ing  a i r .  
0 
2 
T h i r t y  chromel-constantan (Type E) thermocouples  were spot-welded d i r e c t l y  t o  
t h e  panel  s u r f a c e  a t  t h e  l o c a t i o n s  shown i n  F i g u r e  4-12. Thermocouples on t h e  
bot tom s u r f a c e  are p l aced  d i r e c t l y  unde rnea th  t h e  t o p  ones.  Note, however, 
t h a t  t h e r e  are no thermocouples unde rnea th  t h e  f o u r  c i r c l e d  ones ( F i g u r e  4-12). 
The r e a s o n  f o r  t h i s  i s  t h a t  a t h i r t y - c h a n n e l  s t r i p  c h a r t  r e c o r d e r  was s e l e c t e d  
f o r  r e c o r d i n g  t h e  d a t a .  S i n c e  t h e r e  are no edge e f f e c t s  a s s o c i a t e d  w i t h  t h e s e  
l o c a t i o n s ,  i t  i s  f e l t  t h a t  t h e  t o p  thermocouples are s u f f i c i e n t .  
1 
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Figure 4-10 Performance test set-up. 
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high efficiency radiator fin in conjunction with a high-capacity axial trans- 
port heat pipe or coolant loop. 
0 4.6.2 Performance Testing Over the Temperature Range -20 to 65 c 
The honeycomb panel heat pipe was installed in the test chamber (Figures 4-10 
and 4-11) and a cold test was performed. First, only the lower cold wall was 
turned on. With 100 watts input to the panel, the temperature was lowered 
approximately 15OC in 1 hour. When the lower cold wall was turned off and the 
upper one turned on, the panel was cooled an additional 22OC in one-half hour. 
This translates into a cooling rate three times higher than that observed with 
the lower cold wall. This indicates that natural convection coupling between 
the panel and the upper cold wall was significantly higher than for the lower 
cold wall, as would be expected. The surface temperature of the panel varied 
by *2.loC. When the power was increased to 120 watts, dryout was observed. 
For high-temperature operation, the upper and lower cold walls were not used. 
The interior air temperature of the chamber was heated by ducting the exhaust 
air from an environmental chamber into the test chamber. A small fan was pro- 
vided inside to distribute the air uniformly. The panel held 500 watts with a 
surface temperature variation of i2.2 C. A dryout was observed at 550 watts. 0 
High and low temperature test results can be seen in Figure 4-13, along with 
computer predictions for the as-built honeycomb panel .8 
was then used to predict the performance of upgraded honeycomb panels, which 
have adequate vapor communication. Two additional cases are shown in Fig- 
ure 4-14. The upper curve shows the increase in as-designed panel performance, 
which incorporates a four-fold increase in vapor flow area and 50 percent open 
The correlated model 
I 
liquid flow area at facesheet spotwelds. Leveling of the curve is a result of 1 
~ 
the relative significance of vapor as compared to liquid pressure drops at 
lower temperatures. However, to meet the design goal of 1000 watts over the 
entire operating temperature range shown in the upper curve, it is necessary 
to incorporate the lower flow resistance of honeycomb channels. Both cases 
use combined tortuosity factors of 0.8 (Figure 4-13), which is very conserva- 
tive for the channel design. 
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Figure 4-14 Pred ic t ions  f o r  as-designed and increased  
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4 . 6 . 3  Liquid  F i l l  T e s t  
A f t e r  complet ion of t h e  low and h i g h  tempera ture  performance tes t ,  t h e  pane l  
w a s  removed from t h e  t e s t  chamber and connected t o  t h e  process  s t a t i o n .  An 
a d d i t i o n a l  50 grams of methanol were added t o  t h e  pane l  i n  o r d e r  t o  s t a r t  t h e  
l i q u i d  f i l l  tes t .  T h i s  cor responds  t o  a 10 p e r c e n t  i n c r e a s e  i n  t h e  l i q u i d  
f i l l .  
A f t e r  r e p r o c e s s i n g ,  t h e  pane l  w a s  placed i n  t h e  tes t  chamber and r e t e s t e d .  
I n p u t  power of 400 w a t t s  was a p p l i e d  t o  t h e  pane l ,  w i t h  no ev idence  of e x c e s s  
l i q u i d .  S i n c e  no ev idence  of  
an excess  i n  f l u i d  w a s  observed,  t h e  panel  f i l l  was a g a i n  i n c r e a s e d  by 
10 p e r c e n t .  
The s u r f a c e  tempera ture  v a r i e d  by only  i2.2OC. 
T h i s  t i m e ,  t h e  pane l  was t e s t e d  on t h e  bench i n  o r d e r  t o  f a c i l i t a t e  t h e  de tec-  
t i o n  of e x c e s s  l i q u i d  by t i l t i n g  i n  v a r i o u s  d i r e c t i o n s .  When t h e  methanol 
f i l l  was i n c r e a s e d  t o  120 p e r c e n t ,  t h e  performance was e s s e n t i a l l y  t h e  same as 
100 and 110 p e r c e n t ,  i .e . ,  t h e r e  was no ev idence  of excess  l i q u i d  a t  400 watts 
h e a t  i n p u t .  This  shows t h a t  t h e  pane l  w a s  r e l a t i v e l y  i n s e n s i t i v e  t o  an  under- 
f i l l .  The f i l l  was t h e n  i n c r e a s e d  by 10 percent  a g a i n ,  t o  130 p e r c e n t .  A t  
t h i s  t i m e ,  i t  was decided t o  perform a maximum power t e s t  t o  de te rmine  whether 
t h e  a d d i t i o n a l  f i l l  had any e f f e c t  on t h e  h e a t  t r a n s p o r t  c a p a c i t y .  
0 The maximum p o w e r  increased t o  600 w a t t s ,  w i t h  o n l y  a 3.0 C AT o v e r  t h e  e n t i r e  
a c t i v e  s u r f a c e  of t h e  panel .  A t  700 w a t t s ,  t h e  AT i n c r e a s e d  t o  ll°C, which 
was c o n s i d e r e d  t o  be a dryout .  However, t h e  pane l  recovered  when t h e  power 
was reduced t o  400 w a t t s .  R e s u l t s  are p l o t t e d  i n  F i g u r e  4-13. 
There was ev idence  of excess  l i q u i d  i n  t h e  c o r n e r  where thermocouples 6 and 24 
are l o c a t e d  ( s e e  F igure  4 - 1 2 ) .  I n  o r d e r  t o  check t h i s ,  t h e  o p p o s i t e  c o r n e r  
( 7 ,  2 3 )  was lowered. 
Thermocouple No. 6 ,  which i s  on t h e  upper s u r f a c e ,  responded i n s t a n t a n e o u s l y ,  
and thermocouple No. 2 4 ,  on t h e  bottom s u r f a c e ,  s lowly  recovered a l s o .  This  
tes t  was n o t  c o n c l u s i v e ,  however, because t h i s  c o r n e r  ( 6 ,  24) h a s  been known 
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t o  t r a p  l i q u i d  a t  t h e  lower f i l l s .  I n  t h i s  c a s e ,  however, thermocouples 17  
and 29 s lowly  s t a r t e d  t o  d e c r e a s e  i n  t empera tu re  w i t h  t i m e .  When t h i s  c o r n e r  
( 1 7 ,  29) was t i l t e d  upward, t h e r e  w a s  a r a p i d  r ecove ry ,  i n d i c a t i n g  t h e  p re sence  
of  e x c e s s  l i q u i d  i n  t h e  p a n e l .  
I t  was concluded from t h e s e  t es t s  t h a t  a f i l l  of 125 p e r c e n t  r e p r e s e n t s  t h e  
optimum f i l l  f o r  t h i s  pane l .  Th i s  amounts t o  approx ima te ly  0.65 kg (1.43 lbm) 
or 355 g of methanol p e r  squa re  me te r  (0.07 l b m / f t  ).  2 
4.6.4 T i l t  Test  
Next,  t h e  h e a t e r  was removed from t h e  c e n t e r l i n e  of  t h e  panel  and placed a l o n g  
one edge i n  o r d e r  t o  perform t h e  t i l t  t e s t .  The h e a t e r  was bonded t o  t h e  t o p  
s u r f a c e  j u s t  inboard o f  thermocouple Nos. 6 ,  10, 12,  and 1 6  ( s e e  F i g u r e  4-12) .  
The purpose  of t h i s  t e s t  w a s  to d e m o n s t r a t e  t h a t  t h e  panel d o e s  o p e r a t e  pro- 
p e r l y ,  even a g a i n s t  a p o s i t i v e  g r a v i t y  l o a d i n g .  One s i d e  of t h e  pane l  was 
always g r a v i t y  a i d e d ,  w i t h  t h e  h e a t e r  i n  t h e  c e n t e r ,  r e g a r d l e s s  of which 
d i r e c t i o n  t h e  pane l  was t i l t e d .  Note, however, t h a t  a f a c t o r  of f o u r  reduc- 
t i o n  i n  maximum h e a t  t r a n s p o r t  is t o  be expected i n  t h i s  c o n f i g u r a t i o n .  Th i s  
i s  because  a l l  of t h e  h e a t  i n p u t  must be t r a n s p o r t e d  o v e r  t h e  f u l l  w i d t h  of 
t h e  pane l .  When t h e  h e a t e r  w a s  i n  t h e  c e n t e r ,  on ly  h a l f  of t h e  h e a t  load was 
r e q u i r e d  t o  be t r a n s p o r t e d  ove r  one h a l f  of  t h e  p a n e l .  T h e r e f o r e ,  w i t h  no 
t i l t  and t h e  h e a t e r  l o c a t e d  on t h e  edge of t h e  p a n e l ,  maximum h e a t  t r a n s p o r t  
shou ld  be 150 w a t t s .  
T h i s  t e s t  was performed w i t h  t h e  pane l  o u t s i d e  t h e  t e s t  chamber, u s i n g  t h e  
room tempera tu re  ambient a i r  as t h e  h e a t  s i n k .  The t i l t  tes t  r e s u l t s  a r e  
p l o t t e d  i n  F i g u r e  4-15. I n  a l l  c a s e s ,  thermocouple Nos. 10 and 1 2  were t h e  
f i r s t  t o  i n d i c a t e  d ry -ou t ,  fol lowed by thermocouple Nos. 26 and 28. The lower 
d a t a  p o i n t s  r e p r e s e n t  s t e a d y - s t a t e  h e a t  t r a n s p o r t  c a p a b i l i t y  ove r  a pe r iod  of  
a t  l e a s t  one hour ,  whereas t h e  u p p e r  p o i n t s  i n d i c a t e d  a t empera tu re  d i f f e r e n c e  
of g r e a t e r  t han  10 C between any two t empera tu res  on t h e  p a n e l ,  i . e . ,  d r y o u t .  0 
Although t h e  maximum h e a t  t r a n s p o r t  i s  lower than  expec ted ,  t h e s e  r e s u l t s  
v e r i f y  t h e  a b i l i t y  of t h e  panel  wicking system t o  s u c c e s s f u l l y  perform a g a i n s t  
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an a d v e r s e  g r a v i t y  f i e l d .  
t i l t ,  however, i t  is concluded t h a t  t h e  reduced performance is  due t o  a h i g h e r  
t h a n  expec ted  vapor  p r e s s u r e  drop.  See Refe rence  8 f o r  a more d e t a i l e d  
d i s c u s s i o n .  
Because t h e  c u r v e  " l e v e l s  o f f "  a t  low v a l u e s  of 
4.6.5 B u r s t  P r e s s u r e  Test  
The b u r s t  p r e s s u r e  t e s t  w a s  performed on a s u b s c a l e  0.14 by 0.14 m (5.50 by 
5.50 i n c h e s )  honeycomb pane l .  Th i s  sample was i d e n t i c a l  i n  materials and con- 
s t r u c t i o n  t o  the l a r g e  the rma l  performance t e s t  p a n e l .  It was a l s o  c o n s t r u c t e d  
a t  t h e  same t i m e  as t h e  l a r g e  pane l .  The tes t  sample w a s  helium l e a k  checked 
b e f o r e  p r e s  s u r  i z i n g  . 
F i g u r e  4-16a shows t h e  f i v e  l o c a t i o n s  where t h e  sample t h i c k n e s s  was measured. 
(Note t h a t  l o c a t i o n  No. 5 is n o t  a t  the cen te r ,  b u t  a t  a p o i n t  c o n v e n i e n t l y  
measured w i t h  t e c h n i c i a n ' s  c a l i p e r s . )  F i r s t ,  t h e  t h i c k n e s s  was measured i n  
t h e  f r e e  u n p r e s s u r i z e d  s t a t e  and r eco rded  on t h e  d a t a  s h e e t .  The pane l  w a s  
t h e n  p l aced  i n  a s a f e t y  chamber and p r e s s u r i z e d  w i t h  u l t r a p u r e  n i t r o g e n  i n  
50 p s i g  inc remen t s .  A f t e r  h o l d i n g  t h e  p r e s s u r e  f o r  t e n  minu tes ,  t h e  pane l  
t h i c k n e s s  was measured and r eco rded .  The t e s t  d a t a  are summarized i n  
Tab le  4-3. Between each p r e s s u r e  p o i n t ,  the sample was removed from t h e  tes t  
chamber and hel ium l e a k  checked t o  v e r i f y  con t inued  s t r u c t u r a l  i n t e g r i t y .  
A t  200 p s i g ,  a maximum d e f l e c t i o n  of  0.25 mm (0.01 i n c h )  was observed.  Th i s  
d e f l e c t i o n  r e l a x e d  t o  o n l y  0.23 mm (0.009 i n c h )  when t h e  p r e s s u r e  was vented 
t o  a tmosphere,  i n d i c a t i n g  permanent deformation.  The sample was r e p r e s s u r i z e d  
t o  250 p s i g  where, a f t e r  approx ima te ly  f i v e  minu tes ,  t h e  pane l  f a i l e d  (Fig-  
u r e  4-16b). Subsequent examinat ion of t h e  p a n e l ,  w i t h  a borescope i n s e r t e d  I 
through t h e  f i l l  t u b e ,  r e v e a l e d  t h a t  t h e  s i n t e r e d  wire c o r e  material had f a i l e d  
a d j a c e n t  t o  t h e  s p o t  welds.  Upon f a i l u r e  of t h e  c o r e  material ,  t h e  u n i t  1 
1 
I 
expanded, l i k e  a "pil low." A l e a k  check r e v e a l e d  two small l e a k s ,  one i n  t h e  I 
seam and one a d j a c e n t  t o  t h e  seam weld i n  a c o r n e r .  
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A. BURST PRESSURE TEST SAMPLE DIAGRAM SHOWING 
MEASUREMENT LOCATIONS. 
E4945 
B. BURST PRESSURE TEST RESULT 
Figure 4-16 Burst  p r e s s u r e  test .  
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Pressure 
(psig) 
0 
50 
100 
150 
200 
0 
250 
TABLE 4-3 
SUMMARY OF BURST PRESSURE DATA 
Thickness (inches) 
1 
0.311 
0.312 
0.311 
0.313 
0.316 
0.315 
-- 
2 
0.310 
0.307 
0.309 
0.310 
0.315 
0.312 
-- 
3 
0.311 
0.311 
0.312 
0.314 
0.318 
0.316 
-- 
4 
0.311 
0.312 
0.312 
0.314 
0.321 
0.320 
-- 
5 
0.314 
0.312 
0.314 
0.317 
0.322 
0.319 
-- 
Comments 
With pressure 
With pressure 
With pressure 
With pressure 
Unit f a i l e d  
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5.0 ALUMINUM PANEL DEVELOPMENT 
The s t a i n l e s s  s t e e l  honeycomb panel hea t  pipe,  as previously descr ibed,  was 
successfu l ly  machine-fabricated and tes ted  f o r  space r a d i a t o r  appl ica t ions .  
The second phase of t h i s  program was t o  demonstrate the  technology f o r  f ab r i -  
ca t ing  a l i g h t e r  weight aluminum heat  pipe panel. The program consis ted of 
i den t i fy ing  the  var ious manufacturing methods and f ab r i ca t ing  developmental 
un i t s .  
a 3.0 by 0.6 m (120.0 by 24.0 inches) prototype aluminum r a d i a t o r  panel was 
b u i l t .  
c a l  t o  those of the  s t a i n l e s s  s t e e l  honeycomb panel. 
Based on the f ab r i ca t ion  and t e s t  resul ts  of these  developmental u n i t s ,  
The design requirements fo r  the l ightweight aluminum panel were ident i -  
During the  development of the aluminum panel hea t  pipe,  t he  following areas  
were inves t iga ted :  
1. Modification of e x i s t i n g  s t a i n l e s s  s t e e l  honeycomb cons t ruc t ion  tech- 
niques and equipment f o r  aluminum panel f ab r i ca t ion .  
2. Inves t iga t ions  i n t o  a l t e r n a t i v e  panel designs.  
Key f ea tu res  such a s  jo in ing  methods, core  s t r u c t u r e ,  wick s t r u c t u r e ,  working 
f l u i d ,  thermal performance, vapor pressure containment, and modular design 
t rade-offs  were addressed during the  above inves t iga t ions .  
5.1 FLUID COMPATIBILITY 
The f i r s t  a rea  of i nves t iga t ion  was mater ia l  and f l u i d  compatibi l i ty .  
of var ious f l u i d s  compatible with aluminum was taken, and th ree  of the  most 
promising f l u i d s  were chosen f o r  fu r the r  study. These f l u i d s  were ammonia, 
A survey 
- 
Freon-llTM, and acetone. Note t h a t  methanol, which was used i n  the  s t a i n l e s s  
s t e e l  panel, i s  not compatible with aluminum. It was decided tha t  ammonia, 
because of i t s  good thermal t ranspor t  p roper t ies  (Figure 5-11, would be t h e  
bes t  choice. 
i t  i s  not s u i t a b l e  f o r  f la t -panel  heat  pipes. 
high vapor pressure,  but i t s  major drawback was i t s  poor hea t  t ranspor t  
Because of ammonia's high vapor pressure (Figure 5-21, however, 
Freon was a l s o  found to  have a 
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prope r t i e s ;  acetone remained the  only v i a b l e  a l t e r n a t i v e .  The hea t  t r anspor t  
p rope r t i e s  of acetone were acceptab le ,  and i t s  vapor pressure  was low. 
a l i t e r a t u r e  search gave c o n f l i c t i n g  r e s u l t s  f o r  the  compa t ib i l i t y  of aluminum 
and acetone,  i t  i s  f e l t  t h a t  l i f e  t e s t i n g  w i l l  be necessary t o  v e r i f y  
compat ib i l i ty .  
Because 
5.2 DESIGN CONCEPTS 
During t h e  prel iminary f ab r i ca t ion ldes ign  phase, t h e  s t a i n l e s s  s tee l  honeycomb 
panel manufacturer,  Astech Div is ion  of TRE Corp., Santa  Ana, Ca l i fo rn ia ,  was 
contacted i n  regard t o  modi f ica t ion  of e x i s t i n g  techniques and equipment t o  
produce an  aluminum panel.  It was found t h a t  Astech could not  manufacture an  
aluminum panel i n  the  same manner t h a t  the previous s t a i n l e s s  steel  honeycomb 
panel was f ab r i ca t ed .  
I n  add i t ion ,  t h e  s i n t e r i n g  ( d i f f u s i o n  welding) vendor f o r  the  s t a i n l e s s  s teel  
panel ,  Michigan Dynamics, a subs id i a ry  of United Technologies,  Garden C i ty ,  
Michigan, w a s  contacted.  It w a s  found t h a t  they had no experience i n  s i n t e r i n g  
aluminum screen  e i t h e r  t o  i t s e l f  o r  t o  faceshee ts  t o  produce aluminum honeycomb 
ma te r i a l s .  S in t e r ing ,  i .e.,  t h e  me ta l lu rg ica l  j o i n i n g  of metal su r faces  by 
applying hea t  and pressure  t o  cause an a c t u a l  t r a n s f e r  of atoms a t  t h e  j o i n t  
i n t e r f a c e  of aluminum, i s  d i f f i c u l t  because the  oxide f i l m  found on aluminum 
i n h i b i t s  t he  d i f f u s i o n  of atoms a t  t he  i n t e r f a c e  j o i n t .  
Af te r  determining t h a t  the aluminum honeycomb panels  could not be f a b r i c a t e d  
using e x i s t i n g  techniques and equipment developed f o r  s t a i n l e s s  s teel ,  i t  w a s  
concluded t h a t  new panel conf igura t ions  would be requi red .  Evaluat ion of each 
panel design cons i s t ed  of a t he rma l / s t ruc tu ra l  a n a l y s i s  and subsca le  develop- 
mental panel f a b r i c a t i o n  and t e s t i n g .  
subsca le  panel f a b r i c a t i o n  and t e s t  r e s u l t s .  
The prototype panel  design was  based on 
1 
A pre l iminary  design a n a l y s i s  showed t h a t  r e l i a b i l i t y  and manufacturing could 
be enhanced by using a modular panel design.  
panel would c o n s i s t  of t e n  ind iv idua l  0.6 by 0.3 m (24.0 by 12.0 inches )  modules. 
These modules were t o  be a t tached  toge ther ,  edge-to-edge, t o  form one 3.0 by 
It was decided t h a t  t h e  prototype 
5 -4 
0.6 m (120.0 by 24.0 inches)  panel.  
of providing redundancy and, t he re fo re ,  high system r e l i a b i l i t y  t o  micrometeor- 
o id  and/or space d e b r i s  damage. 
This modular approach has  the  advantage 
Severa l  methods of panel  f a b r i c a t i o n  were inves t iga t ed .  Various welding tech- 
niques,  inc luding  r e s i s t a n c e ,  e l e c t r o n  beam (EB), and tungsten-inert-gas (TIG) 
welding along with f l u x l e s s  aluminum braz ing ,  were inves t iga t ed .  
A f t e r  prel iminary design inves t iga t ions  were completed, the following panel 
concepts were s e l e c t e d  f o r  f a b r i c a t i o n  and t e s t :  
1. Brazed panel 
2.  Formed panel 
3.  Channel core panel .  
The design,  f a b r i c a t i o n ,  and t e s t i n g  d e t a i l s  f o r  each of the  above approaches 
a r e  described i n  the following sec t ions .  
5.3 BRAZED PANEL 
5.3.1 Design and Analysis 
The brazed des ign  concept c o n s i s t s  of two faceshee ts  and a frame, as shown i n  
Figure 5-3. Various wick conf igu ra t ions ,  as shown i n  Figure 5-4, are i n s e r t e d  
i n t o  the  frame t o  provide for  c a p i l l a r y  wicking. Both faceshee ts  are l i ned  
with a wick m a t e r i a l ,  and a d d i t i o n a l  wick ma te r i a l  i s  placed i n  the channels,  
a s  shown, to  provide f o r  l i q u i d  communication between t h e  top  and bottom face- 
shee t s .  Af te r  wick i n s e r t i o n ,  the cover faceshee ts  a r e  mated with the frame, 
and the  panel  is then vacuum brazed. The end r e s u l t  i s  a leak- t igh t  s t r u c t u r e .  
The thermal t r anspor t  requirements, f o r  t he  3.0 by 0.6 m (120.0 by 24.0 inch)  
prototype panel were 1000 wat t s  with a 25.4 mm (1.0 inch)  wide c e n t e r  h e a t e r  
over the  temperature range of -20 t o  65OC. For the developmental u n i t s ,  the  
panel s i z e  was reduced t o  0.6 by 0.3 m (24.0 by 12.0 inch) .  
thermal t r a n s p o r t  requirement fo r  t h i s  panel s i z e  was 100 watts. 
The equiva len t  
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Figure  5-3 Brazed d e s i g n  panel .  
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SLAYERS SCREEN 8 
CROSS SECTION 
(ONE CHANNEL) 
WICK STRUCTURE 
(TOP 3 LAYERS REMOVED) 
(a) ALUMINUM (5056) SCREEN (120 X 120 MESH) 
2-LAYERS SCREEN, 
EACH SIDE \ 
' CROSS-SECTION 
(ONE CHANNEL) 
(b) ALUMINUM (5056) SCREEWFOAM METAL (6101) (DUOCEL@, 8% DENSITY) 
SANDWICH CONSTRUCTION 
(ONE CHANNEL) 
(TOP LAYER REMOVED) 
(c )  STAINLESS STEEL (304L) METAL FELT ( D Y N A L L O f l .  X7) 
Figure  5-4 Wick conf igu ra t ions  - brazed des ign .  
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13 Figure 5-5 shows the  r e s u l t s  of a heat  t ranspor t  computer ana lys i s  
on the  IBM PC-XT f o r  the  brazed design. 
ana lys i s  c o n s i s t s  of th ree  l aye r s  of 120 by 120 mesh screen on each facesheet .  
performed 
The wick configurat ion used f o r  t h i s  
I n  addi t ion  t o  thermal performance, s t r u c t u r a l  considerat ions a r e  of primary 
concern with f l a t  panel heat  pipes. 
each subscale  design. 
t h i s  ana lys i s ,  a maximum operat ing i n t e r n a l  panel pressure of 13.5 x 10 
(19.6 ps ia )  corresponding t o  a temperature of 65OC (149'F) f o r  acetone was used. 
It was assumed tha t  the ex terna l  panel pressure was zero,  a s  i n  a vacuum environ- 
ment. A proof pressure f a c t o r  of 1.5 and bu r s t  pressure of 2.5 times the  maxi- 
mum operat ing pressure were used f o r  design and ambient t e s t i n g  of the develop- 
mental panel a t  Hughes. R e s u l t s  of the  s t r u c t u r a l  ana lys i s  f o r  t he  brazed design 
a r e  shown i n  Table 5-1. Facesheet de f l ec t ions  and s t r e s s  were based on a 0.81 mm 
(0.032 inch)  wa l l  thickness .  
A s t r u c t u r a l  analysis14 was performed on 
Both maximum stress and de f l ec t ions  were examined. For 
4 Pa 
5.3.2 Fabricat ion 
To evaluate  the brazed design concept, t h ree  assemblies each with a d i f f e r e n t  
wick configurat ion (Figure 5-4) were fabr ica ted .  The ob jec t ive  w a s  t o  de te r -  
mine the optimum wick design f o r  maximum thermal t ranspor t .  
Wick f ab r i ca t ion  was the  f i r s t  s t e p  i n  panel assembly. 
Panel No. 1 was an all-aluminum mesh wick, as shown i n  Figure 5-4a. The indi-  
vidual  layers  of screen were sewn together  with f i n e  s t a i n l e s s  s t e e l  wire  
(0.25 mm d ia . ) .  
Panel No. 2 had two l aye r s  of aluminum screen on each facesheet  held i n  place 
with Duocell aluminum foam metal. As i l l u s t r a t e d  i n  Figure 5-4b, t h e  foam 
metal f i l l s  the  e n t i r e  vapor space and provides s t r u c t u r a l  support .  
on the vapor flow pressure drop i s  not s i g n i f i c a n t ,  s ince  it  i s  a very open pore 
s t ruc tu re  with a porosi ty  of 92 percent.  
s in t e red  metal f e l t  as the  wick s t r u c t u r e ,  a s  shown i n  Figure 5-4c. The advan- 
tage of t h i s  approach i s  t h a t  the  ind iv idua l  wick pieces  can be spot  
The wick design i n  
Small pieces were inser ted  t o  interconnect  the  f ive  channels. 
R 
Its  e f f e c t  
I 
Panel No. 3 u t i l i z e s  s t a i n l e s s  s t e e l  
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Figure 5-5 Performance predict ion brazed design.  
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TABLE 5-1 
MAXIMUM STRESS AND DEFLECTION I N  BRAZED DESIGN PANEL 
AS A FUNCTION OF INTERNAL, PRESSURE 
(WALL THICKNESS = 0.81 mm, 0.032 inch)  
Press  ure 
Pa x l o 5  ( p s i a )  
1.31* 
(19) 
3.31 
( 4 8 )  
3.51 
(51 1 
8.75 
(127) 
Def lec t ion  
mm ( i n )  
0.0206 
(0.00081) 
0.0508 
(0.0020) 
0.0559 
(0.0022 
0.1372 
(0.0054) 
S t r e s s  
2 N/m ( l b / i n 2 )  
4.56 lo7  
(6,608) 
1.15 x 10 
( 16,69 5) 
1.22 x 10 
(17,738) 
3.04 x lo8 
(44,173) 
8 
8 
*Maximum ope ra t ing  p res su re  1.31 x l o 5  Pa (ace tone)  
welded toge ther .  Again, t h e  wicks i n  each channel were in te rconnec ted  ac ross  
the  gaps i n  the  r i b s  of the  frame s t r u c t u r e  (Figure 5-3). 
Af t e r  the wick assemblies  were completed, t h e  panels  were prepared f o r  vacuum 
braz ing .  
nesium i n  a vacuum environment t o  promote bonding. 
su r f aces  of t h e  r ibbed frames (Figure 5-3) were f i r s t  p l a t ed  wi th  a copper a l l o y  
t o  enhance t h i s  bonding process .  
braze f i x t u r e .  
each panel  was helium l eak  checked. 
leak  t i g h t  a f t e r  t he  f i r s t  braze cyc le .  
bu t  could not  be r epa i r ed .  
This process  involves  exposing t h e  braze  j o i n t  t o  the  a c t i o n  of mag- 
I n  t h i s  ca se ,  t h e  fay ing  
Each u n i t  was then  assembled and placed i n  a 
The u n i t s  were then vacuum brazed. Af t e r  braz ing  was completed, 
Panel No. 2 was t h e  only panel  t h a t  w a s  
Panel Nos. 1 and 2 were rebrazed twice,  
Figure 5-6 i s  a photograph of t h e  brazed panel Unit  No. 2 which was success- 
f u l l y  brazed. The panel i s  0.25 m by 0.12 m by 4.1 mm t h i c k  (10.0 by 5.0 by 
0.16 inches)  and weighs 7.0 kg/m 
f l u i d .  The d ry  weight is 6.5 kg/m (1.34 lbm/f t  1. It should be noted t h a t  
2 2 (1.43 lbm/f t  1, i nc lud ing  t h e  weight of t h e  
2 2 
5-10 
ORTGINAC PAGE IS 
OF POOR QUALITY 
E5496 
Figure 5-6 Completed brazed panel Unit No. 2. 
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t h e  s i z e  of t h e  brazed subsca le  u n i t  was l imi t ed  by t h e  furnace s i z e  (0.36 by 
0.22 x 0.41 m) of t h e  vacuum braz ing  vendor.  
5.3.3 Thermal Performance Tes t ing  
Brazed Unit  No. 2 w a s  processed wi th  17 grams of high performance l i q u i d  chroma- 
tography (HPLC) grade acetone ( 9 9 . 9 9 8  percent  pure) .  The panel  was instrumented 
per  F igure  5-7. The edge h e a t e r  w a s  then t i l t e d  3.17 mm (0.125 inch )  above the  
oppos i t e  edge, and t h e  panel w a s  t e s t e d  i n  ambient a i r .  I n i t i a l l y ,  10 watts 
of e l e c t r i c a l  power was appl ied  t o  t h e  edge hea te r .  Both n a t u r a l  convect ion 
and forced f an  a i r  cool ing  were used. Power was then  increased  t o  8 0  wat ts ,  
a t  which poin t  dryout was observed. The tes t  was then  repeated wi th  6.35 mm 
(0.25 inch)  t i l t .  
Figure 5-7 shows the  corresponding temperature  d a t a  f o r  t he  3.17 mm and 6.35 mm 
t i l t s .  
The panel he ld  approximately 50 wat ts  before  dryout  occurred.  
5.4 FORMED PANEL 
5.4.1 Design and Analysis  
The formed design i s  i l l u s t r a t e d  i n  Figure 5-8. 
f aceshee t s ;  one s h e e t  i s  f l a t ,  and t h e  o t h e r  i s  formed i n t o  a dimpled pan. 
I n t e r n a l  wicking i s  provided by c a p i l l a r y  grooves machined d i r e c t l y  i n t o  these  
f aceshee t s .  The f l a t  s h e e t  has  grooves running lengthwise,  whereas t h e  grooves 
on t he  formed faceshee t  a r e  perpendicular  t o  those  i n  t h e  f l a t  shee t .  The pur- 
pose of t h i s  cross-groove des ign  i s  t o  provide a two-dimensional l i q u i d  flow 
p a t t e r n  f o r  nonsymmetrical h e a t i n g  and/or cool ing  loads without  t he  need f o r  
a d d i t i o n a l  wicks. 
provided by t h e  l i q u i d  f i l l e t s ,  which form n a t u r a l l y  a t  each dimple l o c a t i o n  
and around the  edges. The end r e s u l t  i s  a hea t  p ipe  panel  cons t ruc t ed  of  on ly  
th ree  p iece  p a r t s ,  i nc lud ing  t h e  f i l l  tube; c a p i l l a r y  wicking and s t r u c t u r a l  
support  are i n t e g r a l  with t h e  f aceshee t s  themselves. The panel  i s  r e s i s t a n c e  
This design c o n s i s t s  of two 
Liquid communication between t h e  top  and bottom s u r f a c e s  i s  
(seam and s p o t )  welded toge the r ,  a s  shown i n  F igure  5-8. 
The formed des ign  uses  c a p i l l a r y  grooves t o  provide the requi red  c a p i l l a r y  
I 
~ 
I 
I 
t 
pumping. Computer runs on the  IBM PC-XT were made t o  observe the  e f f e c t  of I 
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Figure 5-8 Formed design panel.  
groove depth and width on thermal performance.13 
shown i n  Figure 5-9. 
0.012 inch)  grooves wi th  a p i t c h  of 0.76 mm (0.030 inch)  would meet t h e  per- 
formance requirement of 1000 wa t t s  over the temperature range of -20 t o  65OC. 
Resu l t s  of a t y p i c a l  run  a r e  
It was found t h a t  0.38 mm wide by 0.30 mm deep (0.015 by 
The est imated maximum stress and d e f l e c t i o n s  i n  the  f aceshee t s  of t h e  formed 
design panel a r e  shown i n  F igures  5-10 and 5-11. These curves are func t ions  
of i n t e r n a l  pressure  and w a l l  th ickness  ( t )  f o r  a dimple spacing of 25.4 mm 
(1.0 inch).14 
i n  Figure 5-10. 
of 1.01 mm (0.040 inch ) ,  excluding t h e  c a p i l l a r y  grooves, would provide an  ade- 
qua te  margin of s a f e t y .  
Yield s t r e s s e s  f o r  aluminum 6061-T6 and 5052-H34 are ind ica t ed  
From t h i s  a n a l y s i s ,  i t  was determined t h a t  a wall t h i ckness  
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ENTRAINMENT LIMIT 
I"- L A  0.76 mm (0.030 in.) GROOVE DEPTH 
0.51 mm (0.020 in.) 
.38 mm (0.01 5 in.) 
2 t  
- FLUID: ACETONE 0.12 mm (0.005 in. 
WICK: CAPILLARY GROOVES 
GROOVE WIDTH: 0.38 mm (0.015 in.) 
GROOVE PITCH: 0.76 mm (0.030 in.) 
PANEL SIZE: 0.3 m x 0.6 m (1 ft x 2 f t )  
101 
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OPE RAT I NG TEMPE R ATU R E ( K) 
Figure 5-9 Thermal performance prediction 
for a vapor space height of 
2.54 mm (0 .10 inch).  
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Figure 5-10 Maximum stress in  panel as  a function 
of internal pressure. 
5-16 
G16598 
lo-[ 
- z 
z 10-2 - 
0 
1 
I- 
O 
w 
J 
U 
w 
D 
104 
- 
E 
E - 
2 
I- 
O 
0 
w 
-1 
U 
UJ 
D 
lo-’ 
25.4 rnrn 
(1.00 IN)  
BURST 
P R ESSU R E 25.4 mrn 
(1 .00 IN)  FRE0,N 1 1  
6.3 mrn SUPPORT I 
(0.25 IN’ MAX OPERATING o,70 mrn (o.030 IN, 
PRESSURE 
FREON 11 
I 
I 
BURST I 
PRESSURE I I 
ACETONE I I 
PSlA 
Figure 5-11 Maximum def lect ion i n  formed panel a s  a 
function of internal pressure. 
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5.4.2 Fabr i ca t ion  
The fol lowing s e r i e s  of tes ts  w a s  performed on the  formed panel i n  order  t o  
cha rac t e r i ze  i t s  performance. 1 
The formed and welded panel design i s  r e a l l y  q u i t e  simple (Figure 5-8). 
s i s t s  of only t h r e e  p iece  p a r t s :  
It con- 
0 F l a t  grooved faceshee t  
0 Formed grooved faceshee t  
0 S t a i n l e s s  steel/aluminum t r a n s i t i o n  j o i n t  f i l l  tube. 
Or ig ina l ly ,  1.27 mm (0.050 inch)  t h i c k  5052-H34 aluminum a l l o y  shee t  material  
w a s  s e l ec t ed  as facesheet  material because of i t s  exce l l en t  welding and forming 
p rope r t i e s .  
t i n g  the  grooves, however, 6061-T6 aluminum a l l o y  w a s  s u b s t i t u t e d  f o r  t he  face- 
shee t  material. 
The a s -bu i l t  groove geometry w a s  0.38 w i d e  by 0.30 mm deep (0.015 by 0.012 inch )  
w i t h  a groove p i t c h  of 0.76 mm (0.030 inch) .  
Because of i t s  tendency t o  gum up the  s l i t t i n g  saws used f o r  cu t -  
F igures  5-12a and 5-12b are photographs of t h e  machined grooves. 
The grooved faceshee t  material  w a s  annealed t o  the  TO cond i t ion  t o  a l low form- 
ing  of t he  dimpled pan. 
hea t  t r e a t e d  back t o  the  T6 cond i t ion  f o r  s t r eng th .  
Af t e r  forming, t he  faceshee t  w a s  s t r a igh tened  and then  
Welding was the  f i n a l  s t e p  i n  f a b r i c a t i o n  of t h e  panel.  
s t e e l  f i l l  tube (Figure 5-13) w a s  f i r s t  T I G  welded i n t o  p lace  on the  formed 
faceshee t .  Next, t he  f l a t  and formed f aceshee t s  were sandwiched toge the r  and 
r e s i s t a n c e  welded (spot  welded) a t  the  dimple areas (220 s p o t  welds).  The f i n a l  
s t e p  was t o  run a r e s i s t a n c e  weld (seam weld) around t h e  edge of t h e  panel.  
Figure 5-14 i s  a photograph of t he  completed panel.  
3.81 mm t h i c k  (24.0 by 12.0 by 0.15 inches)  and weighs 6.93 kg/m 
inc luding  t h e  weight of the  working f l u i d  (wet weight) .  
6.73 kg/m (1.38 lbm/f t  1. 
The aluminum/stainless  
It is  0.6 m by 0.3 m by 
2 2 (1.42 lbm/f t  1, 
I 
I 
I 
The d ry  weight is  
2 2 
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(0.030 IN.) 
0.38 mm 
(0.01 5 IN.) ----t 
(,~..l.;fsAL PAGE IS 
OF POOX QUALITY E5499A 
(a) PHOTOMICROGRAPH OF GROOVE CROSS-SECTION 
(GROOVE DEPTH 0.30 mm). 
(b) CLOSE-UP OF GROOVED FACESHEET 
Figure 5-12 Machined capillary grooves in panel facesheet. 
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6061 -T6 304L STAINLESS 
ALUMINUM STEEL 
E5494 
Figure  5-1 3 S t a i n l e s s  steel /aluminum t r a n s  it ion  
j o i n t  f i l l  tube.  
E5495 
Figure  5-14 Completed formed pane l .  
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0 Liquid f i l l  test 
0 High/low temperature performance test 
a T i l t  tests 
a Simulated f a i l u r e  test 
Liquid F i l l  Test  - The purpose of the  l i q u i d  f i l l  test was  t o  determine 
the  required f i l l  f o r  the  formed panel design. 
with 30.0 g of HPLC grade acetone and instrumented per Figure 5-15. 
of 100 wat ts  was then appl ied t o  the  center  hea te r  with ambient a i r  cool ing t o  
see  i f  s igns of excess f l u i d  (cold spots )  would appear. 
The test  was then repeated with f i l l s  of 110 percent (33 g ) ,  120 percent (36 g ) ,  
and 130 percent (39 g)  of the o r i g i n a l  f i l l .  Test ing showed no s igns of excess 
f lu id .  The f i l l  was then increased t o  approximately 150 percent (44 g). T e s t -  
ing showed tha t  excess f l u i d  was present.  Fluid was  then removed from the  panel 
i n  approximately 1 gram increments u n t i l  no s igns  of excess f l u i d  could be 
detected.  
t emper a t  u r e  . 
The panel w a s  i n i t i a l l y  f i l l e d  
Input power 
None could be found. 
The f i l l  was f i n a l l y  optimized a t  38.5 g based on a 6OoC operat ing 
High/Low Temperature Performance Tests - After  the  f i l l  was  optimized 
empir ical ly  with 38.5 g of acetone, high and low temperature performance t e s t -  
ing  was s t a r t e d .  The panel was instrumented per  Figure 5-15 and leveled t o  
wi th in  *1.3 mm (0.050 inch) .  
(140 F) consis ted of applying 100 W of power t o  the  cen te r  h e a t e r  and looking 
for evidence of dryout. Both ambient air and fan cool ing w e r e  used. The power 
was increased i n  lO-watt increments u n t i l  evidence of dryout w a s  detected.  
r e s u l t s  (Figure 5-16 and 5-17) show tha t  the  panel held approximately 120 W 
(equivalent  t o  1200 W for a 3-m panel) before dryout occurred a t  140 W. 
panel was then placed i n  an environmental chamber and leveled t o  with in  i1.3 mm 
(0.050 inch) .  
r e s u l t s  show tha t  the panel held approximately 40 W (equivalent  t o  400 W f o r  a 
3-m panel) before dryout occurred a t  50 W. 
High temperature performance t e s t i n g  a t  6OoC 
0 
Test  
The 
The panel w a s  then performance t e s t e d  a t  -2OOC (-4OF). Test  
In order t o  obta in  a b e t t e r  c o r r e l a t i o n  of the  ac tua l  t e s t  r e s u l t s  with pre- 
d ic ted  r e s u l t s ,  the  o r i g i n a l  computer model was upgraded. The o r i g i n a l  ther -  
mal performance model assumed tha t  a l l  grooves were f u l l y  primed and t h a t  the  
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Figure 5-15 Test instrumentation. 
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data at 6OoC (140OF). 
5-23 
G16640 
1 
160 
150 
140 
- 1 3 0 -  
v) 
I- 
t- 
$ 120 
4 l o o -  
- 
> 
V 
t 110 
a 
V 
I- 
fn E
2 
t- 
t- 
I 
2 0 0 -  
5 70 
60- 
50- 
40 
30 
20 
10 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
LEVEL: k1.27 rnrn 
A DRYOUT 
0 POWERHELD 
- PREDICTED PERFORMANCE 
-40 -30 -20 -10 0 10 20 30 40 50 60 70 
OPERATING TEMPERATURE (OC) 
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flow area and permeabi l i ty  were cons tan t  along t h e  e n t i r e  groove length.  
r e a l i t y ,  t h e  grooves are not  f u l l y  primed, and both the  flow area and permea- 
b i l i t y  vary  along t h e  pumping l eng th  of t he  groove. 
caused by meniscus r eces s ion  i n  t h e  grooves. 
model accounts  f o r  t h i s  meniscus recess ion  by us ing  an average flow area and 
permeabi l i ty .  
formance a t  6OoC (14O0F) as ind ica ted  i n  Figure 5-17. 
a t  o t h e r  temperatures  and t i l t  angles  were a l s o  based on t h i s  va lue  f o r  t h e  
groove area .  It is  seen i n  F igures  5-17 and 5-18 t h a t  the  p red ic t ed  r e s u l t s ,  
us ing the  upgraded model, c o r r e l a t e  f a i r l y  w e l l  wi th  t h e  a c t u a l  r e s u l t s .  Note 
t h a t  the  a c t u a l  low temperature performance was lower than  predic ted .  This i s  
because the  panel  f i l l  was optimized f o r  a 60 C ope ra t ing  temperature.  For 
the  -2OOC test ,  t h e  panel w a s  u n d e r f i l l e d  (due t o  f l u i d  shr inkage)  by about 
13 percent .  
I n  
These v a r i a t i o n s  are 
The upgraded thermal performance 
This  average groove area was obta ined  by matching t h e  test per- 
Subsequent p red ic t ions  
0 
T i l t  Tests - I n  both the  high and low temperature performance tests,  t h e  
panel was l e v e l  w i t h i n  k1.27 mm (0.050 inch) .  
adverse t i l t  on panel performance, two types of t ilt  tests were used. The 
f i r s t  tes t  cons i s t ed  of "bowing" t h e  panel s ides  3.18 mm (0.125 inch )  lower 
than  the  middle and then i n i t i a l l y  applying 25 W t o  t h e  c e n t e r  h e a t e r  wi th  
ambient a i r  cool ing.  Power was  increased u n t i l  evidence of dryout was  
observed. 
before  dryout occurred. 
t o  the  edge ( F i g u r e  5-15). The panel was then leve led  wi th in  k1.27 mm, and 
To i n v e s t i g a t e  the  e f f e c t  of 
The panel he ld  about 60 W (equiva len t  t o  600 W f o r  a 3 m pane l )  
The h e a t e r s  were then moved from the  c e n t e r  l o c a t i o n  
h e a t e r  power (5 W) was 
increased u n t i l  dryout 
occurred a t  35 wa t t s .  
and 0.25 inch ) .  
Resu l t s  are p l o t t e d  i n  
app l i ed  wi th  ambient a i r  cool ing.  
was  observed. The panel he ld  30 w a t t s  before  dryout  
This  w a s  repeated wi th  t i l t s  of 3.18 and 6.35 nrm (0.12 
The power w a s  
Figure 5-18. It should be noted t h a t  the  r e s u l t s  do 
c o r r e l a t e  wi th  previous tes t  da t a .  Using hea t  pipe theory ,  one would expect  a 
f a c t o r  of four  reduct ion  i n  h e a t  t r anspor t  when the  c e n t e r  h e a t e r  i s  moved t o  
t h e  edge. T e s t  d a t a  show t h a t  t h e  panel he ld  120 w a t t s  wi th  t h e  c e n t e r  h e a t e r  
and 30 watts wi th  the  edge hea te r .  From these  r e s u l t s ,  one can see the  f a c t o r  
of four  reduct ion  i n  power. 
w e l l  wi th  a c t u a l  t es t  r e s u l t s  (Figure 5-18). 
Note t h a t  t h e  upgraded computer model c o r r e l a t e s  
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Figure 5-18 Tilt test performance and data 
correlation at 35OC (95'F). 
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Simulated F a i l u r e  T e s t  - The purpose of the  f a i l u r e  test was t o  s imulate  
The objec t ive  was t o  compare t h e  temperature pro- 
Before t e s t -  
a heat  pipe panel f a i l u r e .  
f i l e s  between a charged heat  pipe panel and an uncharged panel. 
ing began, the  formed design hea t  pipe panel w a s  drained of acetone and in s t ru -  
mented per Figure 5-15, using the  center  hea te r .  The panel was  then placed i n  
the  environmental chamber. Various powers were input  t o  the  panel,  and tempera 
tu re  da t a  were recorded. It can be seen from the r e s u l t s  i n  Figure 5-19 t h a t  
~ t he  uncharged panel a c t s  as a s o l i d  f i n .  
uncharged panel a r e  compared t o  a charged panel (Figure 5-16), a dramatic 
When temperature da t a  from an 
I 
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Figure 5-19 Sol id  aluminum f i n  performance-simulated panel f a i l u r e .  
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As previous ly  mentioned, t h e  channel core  design has the  p o t e n t i a l  of being 
l i g h t e r  i n  weight than  t h e  brazed o r  formed designs.  However, t h e r e  i s  a prac- 
t i c a l  l i m i t  t o  how t h i n  the  f aceshee t s  can a c t u a l l y  be made, because of manu- 
f a c t u r i n g  l i m i t a t i o n s .  Facesheets  d e f l e c t i o n  and s t r e s s  a n a l y s i s  r e s u l t s  f o r  
a 51-mm (0.020-inch) w a l l  th ickness ,  excluding t h e  c a p i l l a r y  grooves, are sum- 
marized i n  Table 5-2.14 
f u r t h e r  optimize the  faceshee t  th ickness  and core dimensions. 
Addi t iona l  t r a d e o f f s  w i l l  be needed i n  t h e  f u t u r e  t o  
I 
d i f f e r e n c e  i n  temperature p r o f i l e s  can be observed. These r e s u l t s  c l e a r l y  
show the  advantage of a h e a t  pipe r a d i a t o r  panel over  a s o l i d  f i n  r a d i a t o r .  
The f i n  e f f i c i e n c y  of the hea t  pipe panel i s  approximately 1.0. 
5.5 CHANNEL CORE PANEL 
5.5.1 Design and Analysis  
The channel core  design,  as i l l u s t r a t e d  i n  Figure 5-20, i s  similar t o  t h e  
s t a i n l e s s  s t e e l  honeycomb panel des ign ,  except  t h a t  t he  core  s t r u c t u r e  i s  a 
t r i a n g u l a r  channel conf igura t ion  r a t h e r  than c e l l u l a r .  This  open channel 
design has the  advantage of reduced vapor flow r e s i s t a n c e ,  which r e s u l t s  i n  
h ighe r  thermal performance i n  comparison wi th  the  honeycomb design. The core 
m a t e r i a l  provides s t r u c t u r a l  support  and l i q u i d  communication between t h e  top  
and bottom facesheets  while the facesheets  are grooved to provide c a p i l l a r y  
pumping. This p a r t i c u l a r  panel design has t h e  p o t e n t i a l  of being the  l i g h t e s t  
weight. This  is  because the  faceshee t  th ickness  can be reduced as a r e s u l t  of 
the  i n t e r n a l  t r u s s  support  provided by t h e  core  m a t e r i a l .  
The channel core  design,  l i k e  the  formed design,  has c a p i l l a r y  grooves machined 
i n t o  the  f aceshee t s  t o  provide c a p i l l a r y  pumping and l i q u i d  d i s t r i b u t i o n  through- 
out  the  panel sur faces .  A s  a f i r s t  approximation, then ,  t h e  hea t  t r a n s p o r t  
a n a l y s i s  f o r  t he  channel c o r e  is t h e  same as f o r  t h e  formed design.  Although 
t h i s  approach neg lec t s  the  con t r ibu t ion  of l i q u i d  flow along the  core  s t r u c t u r e ,  
and the  l a r g e r  vapor flow a r e a  of t h e  channel c o r e  panel ,  t h e  performance pre- 
d i c t i o n s  (Figure 5-9) a r e  conservat ive.  Subsequent r e s u l t s  have shown t h a t  
the  vapor space i s  not  a major e f f e c t  over t h e  range of i n t e r e s t .  
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F i g u r e  5-20 Channel core design panel. 
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TABLE 5-2 
MAXIMUM DEFLECTION AND STRESS I N  CHANNEL CORE DESIGN 
PANEL AS A FUNCTION OF INTERNAL PRESSURE 
(WALL THICKNESS = 0.51 mm, 0.020 inch)  
Pressure  
Pa x lo5  ( p s i a )  
Def lec t ion  
nun ( i n )  
S t r e s s  
N/m 2 ( l b / i n 2 )  
1.31* 
(19) 
3.31 
(48) 
3.51 
(51) 
8.75 
( 1 2 7 )  
0.0102 
(0.0004) 
0.0254 
(0.00 10) 
(0.001 1 )  
0.0686 
(0.0027) 
0.0279 
4.09 lo7  
(5,937) 
8 1.03 x 10 
(15,000) 
1.09 x 10 
(15,937) 
2.73 x 10 
(39 ,687)  
8 
8 
5 *Maximum ope ra t ing  pressure  = 1.31 x 10 Pa (acetone)  
5.5.2 Fabr i ca t ion  
Fabr i ca t ion  experiments were i n i t i a t e d  t o  demonstrate the  f e a s i b i l i t y  of an 
aluminum channel co re  h e a t  pipe panel of t h e  type shown i n  F igure  5-20. Form- 
ing  experiments w e r e  performed t o  demonstrate t h a t  ho le s  i n  the  core  material, 
which a r e  requi red  f o r  vapor flow, could be a l igned  proper ly  f o r  cor ruga t ion .  
These experiments w e r e  necessary because i t  is d e s i r a b l e  t o  punch the  holes  
p r i o r  t o  forming. 
r i a l  w a s  s e l ec t ed  f o r  t hese  experiments. 
th ickness  f o r  t he  co re  material ,  t ak ing  i n t o  account t h e  requirements f o r  h o l e  
punching, forming, and welding. 
A 0.41 mm (0.016 inch)  t h i c k  aluminum (5052-H34) s h e e t  mate- 
This was considered t o  be the  minimum 
A s i n g l e  l a y e r  of sc reen  i s  a l s o  requi red  on each s i d e  of the  core  material  t o  
provide l i q u i d  communication between the  bottom and top  faceshee ts .  
i s  not p r a c t i c a l  t o  d i f f u s i o n  bond o r  s i n t e r  aluminum screen  t o  aluminum shee t ,  
i t  w a s  necessary t o  develop a r e s i s t a n c e  spot  welding technique. Res is tance  
welding experiments were success fu l ly  performed wi th  one l a y e r  of 120 by 120 
mesh aluminum (5056) screen ,  0.094 mm (0.0037 inch )  w i r e  diameter ,  spo t  welded 
Since i t  
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t o  both s i d e s  of t he  aluminum shee t .  
diameter a t  a spacing of 12.7 mm (0.50 inch) .  
3.17 mm (0.125 inch )  diameter  vapor holes  were punched, and then  the  material 
was corrugated as shown i n  Figure 5-21. 
l i ned  up w i t h  the  cor ruga t ions .  
The spot  welds are 3.17 mm (0.125 inch )  
Af t e r  welding t h e  core  material ,  
Note t h a t  t h e  vapor ho le s  are  proper ly  
The next  ob jec t ive  was t o  spot  weld the corrugated core  t o  the  bottom faceshee t  
and then spo t  weld t o  t h e  cover faceshee t  (Figure 5-20). The problem with t h i s  
approach w a s  t h a t  our r e s i s t a n c e  welding vendor had informed us t h a t  he could 
not  r e s i s t a n c e  weld the  cover faceshee t  t o  t h e  co re  material; t h e  e l e c t r o d e s  
would be too long and t h i n  f o r  t h i s  purpose. This problem w a s  solved by us ing  
an e l e c t r o n  beam (EB) welding burn-through technique,  which w a s  developed on 
another  program. 
s e l e c t e d  t o  f a c i l i t a t e  machining c a p i l l a r y  grooves i n t o  the  f aceshee t  
(Sec t ion  5.3.41, was not  acceptab le  f o r  t h i s  welding process.  
assoc ia ted  wi th  fus ion  welding 6061 aluminum without  f i l l e r  material l e d  t o  t h e  
s e l e c t i o n  of 5051-H34 aluminum f o r  the cover faceshee t  material. 
i n i t i a l  welding experiments demonstrated t h a t  the  material  should be t h i c k e r  
than 51 mm (0.020 inch ) ,  which was  based on stress cons idera t ions  (Sec t ion  5.5.1). 
For these  reasons ,  t he  faceshee t  th ickness  was increased  t o  1.27 mm (0.050 inch)  
and a s i n g l e  l a y e r  of 120 by 120 mesh aluminum screen  material w a s  spot  welded 
t o  t h e  inner  su r face  of t he  cover f aceshee t ,  as shown i n  F igure  5-22, t o  r e p l a c e  
the  prev ious ly  machined c a p i l l a r y  grooves. 
are  the same as  used i n  making t h e  core  material. The bottom faceshee t  thick- 
ness  w a s  a l s o  r e t a ined  a t  1.27 mm (0.050 inch)  i n  order  t o  u t i l i z e  a l r eady  
e x i s t i n g  grooved ma te r i a l .  
However, t h e  6061-T6 aluminum a l l o y ,  which was o r i g i n a l l y  15 
Cracking problems 
Moreover, 
The dimensions of t h e  spot  welds 
The end r e s u l t  w a s  a composite panel cons t ruc ted  as follows. F i r s t ,  t h e  bottom 
faceshee t  (grooved) w a s  r e s i s t a n c e  welded t o  the  cor ruga ted  core.  
faceshee t  (with screen  wick) was then EB welded t o  the  corrugated core  us ing  a 
burn-through weld technique. Next, t h e  end caps and t h e  aluminum/stainless  
s t e e l  f i l l  tube w e r e  T IG welded i n  place.  The f i n a l  s t e p  was t o  seam weld the  
flanged edges of t h e  panel toge ther .  
p l e t ed  panel.  
t e n t  EB welds have a weld length  of 63.5 mm (2.5 inches)  and a spacing of 
The cover  
Figure 5-23 i s  a photograph of t h e  com- 
Note the  appearance of the  EB burn-through welds. The in te rmi t -  
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(a) CORE MATERIAL AFTER CORRUGATION 
81_1 
(b) CLOSE-UP OF CORRUGATIONS 
Figure  5-21 Corrugated core. 
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Figure 5-22 Cover facesheet with screen. 
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Figure  5-23 Completed channel co re  pane l .  
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12.70 mm (0.5 inch) .  
ad jacent  l iquid-vapor channels.  
0.3 m by 10.2 mm t h i c k  (12.0 by 12.0 by 0.40 inches)  and weighs 9.4 kg/m 
(1.94 lbm/f t  1, inc luding  t h e  weight of t he  f l u i d .  
(1.80 lbm/ft'). 
These gaps were provided f o r  l i q u i d  communication between 
The a s -bu i l t  panel conf igu ra t ion  i s  0.3 m b-- 
2 
2 3 
The d ry  weight i s  8.7 kg/m 
5.5.3 Thermal Performance T e s t i n g  
The channel core  u n i t  w a s  processed wi th  65.0 g of HPLC grade acetone. 
w a s  instrumented per  F igure  5-24 and l eve led  t o  wi th in  k1.3 mm (0.050 inch) .  
One hundred (100) w a t t s  of power was app l i ed  t o  t h e  c e n t e r  hea te r .  
a i r  and f a n  cool ing  were used. The power was increased u n t i l  an ope ra t ing  tem-  
pe ra tu re  of 7OoC (158'F) w a s  reached a t  325 w a t t s .  
dryout a t  t hese  condi t ions  and the sur face  temperature va r i ed  by only  iO.6OC, 
as shown i n  F igure  5-24a. Tes t ing  w a s  stopped a t  325 wat t s ,  however, because 
the  panel w a s  s t r u c t u r a l l y  designed f o r  a maximum ope ra t ing  temperature of 70 C 
(158'F) based on i n t e r n a l  pressure.  
l imi ted  t o  t h i s  power l e v e l ,  i t  was not  poss ib l e  t o  determine the  maximum t rans-  
po r t  capac i ty  of t h i s  panel.  
t i l t e d  3.17 mm (0.125 inch )  above the oppos i te  edge. 
325 w a t t s  i n t o  t h e  edge h e a t e r ,  t h e  corresponding temperature  d a t a  i n  Fig- 
ure  5-24b show t h a t  su r f ace  temperatures var ied  by only kl .0  C. 
was stopped a t  an  ope ra t ing  temperature of 7OoC (158'F) because of t h e  t e s t  
f a c i l i t y  heat s ink  l i m i t a t i o n .  
The panel 
Both ambient 
There was no evidence of 
0 
Since the  test  f a c i l i t y  h e a t  s i n k  w a s  
The test w a s  then  repeated wi th  t h e  edge h e a t e r  
With a power input  of 
0 Again, t e s t i n g  
5.6 SUMMARY 
Resu l t s  from t h e  developmental design phase demonstrated t h a t  a l l  des igns ,  chan- 
n e l  co re ,  brazed,  and formed, would m e e t  t h e  performance requirement of 
1000 watts.  Design d e t a i l s  and t r a d e o f f s  are summarized i n  Tables 5-3 and 5-4 
f o r  each design. 
weighs the least  of the  t h r e e  developmental u n i t s .  
and weight (57.0 kg/m ) requirements.  
s i z e  because of cu r ren t  vacuum furnace s i z e  l i m i t s .  
f a c t u r i n g  y i e l d  based on our  r e s u l t s .  
co re  design i s  the  complexity of f ab r i ca t ion .  
The formed design i s  the  most inexpensive t o  f a b r i c a t e  and 
It meets both  performance 
2 The brazed design i s  l i m i t e d  i n  panel  
It would have a poor manu- 
The major disadvantage of t h e  channel 
The panel weight was s l i g h t l y  
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TABLE 5-4 
DESIGN TRADEOFFS 
Advant ages 
Brazed 0 Not Sens i t i ve  t o  T i l t  
(Wick Design) 
Formed 0 Simple to Fabr ica te  
(Only Three Pa r t s )  
0 Mounting Holes Can Be 
Provided a t  Dimple 
Locations 
Channel 
Core 
a P o t e n t i a l  Lightweight 
0 Highest Heat Transport  
Capac i t y  
0 Not Sens i t i ve  t o  T i l t  
(Wick/Groove Design) 
D i s  advant ages 
0 Low Manufacturing Yield 
0 Limited Size 
(Due t o  Furnace S ize)  
0 Sens i t i ve  t o  T i l t  
(Groove Design) 
0 Heavy Weight Due t o  Current 
Manufacturing Requirements 
0 Complexity of Fabr ica t ion  
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i n  excess  of t he  s t a i n l e s s  s teel  honeycomb panel.  However, t h i s  was  because 
t h e  burn-through welding technique requi red  the  use of t h i c k  (heavy) faceshee ts .  
With f u r t h e r  development, i t  is  f e l t  t h a t  the f aceshee t s  can be optimized f o r  
l i g h t e r  weight.  
be considered f o r  fu tu re  designs.  
Core spacing and o the r  materials such as t i t an ium should a l s o  
Based on the  weight and f a b r i c a t i o n  t r a d e o f f s  summarized above, i t  w a s  concluded 
t h a t  the  aluminum prototype panel would c o n s i s t  of t e n  0.6 by 0 . 3  m (24.0 by 
12.0 inches)  formed design panels .  The 10 panels  would be welded toge ther ,  edge- 
to-edge, t o  form one 3 . 0  by 0.6 m (120.0 by 24.0 inches)  panel.  
approach has the  advantage of providing redundancy and, t h e r e f o r e ,  h igh  system 
re1 i a b i  li t y  . 
This  modular 
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6.0 ALUMINUM PROTOTYPE PANEL DEVELOPMENT 
6.1 DESIGN AND FABRICATION 
The d e s i g n  of t h e  3.0 by 0.6 m (120.0 by 24.0 i n c h )  aluminum p r o t o t y p e  p a n e l  
was based on t h e  formed d e s i g n  development p a n e l  d e s c r i b e d  i n  S e c t i o n  5.4. 
The aluminum p r o t o t y p e  p a n e l  was c o n s t r u c t e d  of  t e n  0.6 by 0.3 m (24.0 by 
12.0 i n c h )  formed pane l s .  The p a n e l s  were welded t o g e t h e r ,  edge t o  edge,  t o  
form t h e  t h e  3.0 by 0.6 m aluminum p r o t o t y p e  pane l .  
The formed d e s i g n  p a n e l s  were f a b r i c a t e d  i n  t h e  same manner as t h e  formed d e s i g n  
development pane l  ( S e c t i o n  5.4). A f t e r  f i n a l  we ld ing  of each formed p a n e l ,  
mounting s l o t s  were machined i n t o  t h e  f l a n g e  o f  each pane l .  T h i s  w a s  done t o  
f a c i l i t a t e  assembly of t h e  t e n  p a n e l s  i n t o  one 3.0 by 0.6 m aluminum p r o t o t y p e  
pane l .  
caused by welding and machining. 
t e s t e d  a t  10 p s i g  f o r  10 minutes  and t h e n  were hel ium l e a k  checked. 
were found t o  b e  l e a k  t i g h t  t o  1 x lo-' s t d .  cc/sec helium. 
p a n e l s  were t h e n  mounted t o  an aluminum 'IT" beam w i t h  machine screws f o r  s t r u c -  
t u r a l  s u p p o r t  d u r i n g  h a n d l i n g  and s h i p p i n g .  
t o g e t h e r .  
t a c k  welds was used t o  a t t a c h  t h e  p a n e l s  t o g e t h e r .  F i g u r e s  6-1 and 6-2 are 
photos  oE t h e  aluminum p r o t o t y p e  pane l  a f t e r  f i n a l  assembly. The f i n a l  pane l  
dimensions are 3.10 by 0.61 m by 3.81 nun thick (122.0 by 24.0 by 0.1.5 i n c h e s )  
2 2 and t h e  p a n e l  weighs 7.1 kg/m (1.46 l b m / f t  ), i n c l u d i n g  t h e  weight  of the 
f l u i d  and pinch-off cove r s .  The d r y  weight  i s  6.7 kg/rn2 (1.38 l b m / f t  ). 
Each formed p a n e l  was t h e n  manually s t r a i g h t e n e d  t o  remove warpage 
Next, a l l  of t h e  p a n e l s  were proof  p r e s s u r e  
A l l  u n i t s  
The t e n  formed 
The p a n e l s  were then  TIG welded 
To minimize t h e  amount of warpage from t h e  T I G  welding,  a series of 
2 
6.2 PROCESSING 
A f t e r  assembly of t h e  3.1 by 0.6 m (122.0 by 24.0 i n c h )  p r o t o t y p e  p a n e l  w a s  
completed,  each of  t h e  t e n  0.6 by 0.3 m (24.0 by 12.0 i n c h )  formed p a n e l s  was 
f i t t e d  w i t h  a v a l v e  and hel ium l e a k  checked. A l l  t e n  p a n e l s  were he l ium l e a k  
t i g h t  t o  1 x lo-' s t d .  c c / s e c  helium. 
were bonded t o  t h e  p a n e l s  f o r  u s e  d u r i n g  t h e  bu rn - in  and bakeout  p rocess .  
Next, e l e c t r i c a l  r e s i s t a n c e  h e a t e r  t a p e s  
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Figure  6-1 Aluminum pro to type  panel  w i th  "T" beam. 
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Figure 6-2 Aluminum prototype panel - 
dimpled surface. 
6-3 
Based on low temperature  (-20') thermal performance t e s t i n g  on t h e  formed des ign  
development panel  (Sec t ion  5.41, i t  w a s  determined t h a t  a d d i t i o n a l  f l u i d  was 
r equ i r ed  f o r  low temperature  t e s t i n g .  The f i l l s  used f o r  t h e  pro to type  panel  
were increased  by 10 percent  from the  optimized (65OC) development panel  f i l l  
of 38.5 t o  42.4 g. This  was done t o  compensate f o r  f l u i d  shr inkage a t  -20 0 C. 
Each panel  w a s  processed by vacuum d i s t i l l a t i o n  wi th  42.5 g of h igh  performance 
l i q u i d  chromatography (HPLC) grade acetone (99.997 pe rcen t  pure) .  
were then burned i n  f o r  12 hours a t  65 C. A f t e r  burn-in,  t h e  acetone f i l l s  
were dra ined ,  and each panel was vacuum ( 1  x 10 t o r r )  baked f o r  2 hours  a t  
100°C. 
Af t e r  f i n a l  processing,  each panel was subjec ted  t o  a vacuum degass ing  proce- 
dure.  
i n s u l a t i o n  and soaking t h e  i n s u l a t i o n  wi th  l i q u i d  n i t rogen .  When the pane l s  
were s u f f i c i e n t l y  cooled (%-loo C ) ,  the valves were opened to vacuum t o  vent  
any noncondensable gas .  
The panels  
0 
-6 
The u n i t s  were then reprocessed wi th  42.5 g of  HPLC-grade acetone.  
The degassing was accomplished by wrapping t h e  pane ls  wi th  thermal  
0 
A f t e r  processing,  t h e  p ro to type  panel  was bench t e s t e d .  During bench t e s t i n g ,  
i t  was found t h a t  a d d i t i o n a l  f l u i d  had t o  be added t o  some of t h e  panels .  The 
e x t r a  f l u i d  was requi red  t o  compensate f o r  v a r i a t i o n s  i n  groove depth  and panel 
f l a t n e s s .  Because each faceshee t  w a s  i n d i v i d u a l l y  machined, some v a r a i t i o n  i n  
groove depth  d id  occur .  
w i th  a t o l e r a n c e  of k0.051 mm (0.002 inch ) .  
0.254 t o  0.356 nrm (0.010 t o  0.014 inch)  can vary the  pane l  f l u i d  f i l l s  by 
40 percent .  Var i a t ions  i n  panel  f l a t n e s s  can a l s o  a f f e c t  panel  f l u i d  f i l l s .  
On average,  t h e  pane l s  a r e  f l a t  t o  w i t h i n  k1.27 mm (0.050 inch ) .  Local ized 
low s p o t s  can cause groove dra inage  and f l u i d  puddling. Table  6-1 shows t h e  
f i n a l  f i l l  of each 0.6 by 0.3 m (24 by 12.0 inch)  formed panel .  
The nominal groove depth was 0.305 mm (0.012 inch)  
Var i a t ions  i n  groove depth  of 
6-4 
TABLE 6-1 
PANEL FILL DATA 
Panel  No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
42.4 
42.4 
59.7 
42.4 
62.7 
42.4 
55.0 
61.3 
42.4 
60.5 
6.3 THERMAL PERFORMANCE TESTING 
Af te r  f i n a l  p rocess ing  of the  pro to type  panel  was completed, t h e  panel  was 
instrumented,  and t h e  fol lowing s e r i e s  of t e s t s  was performed on t h e  pro to type  
panel  t o  c h a r a c t e r i z e  i t s  performance: 
0 High temperature tes t  
Low temperature test 
0 T i l t  t e s t .  
0 Both t h e  h igh  temperature performance ( 6 5  C) and tilt  tes ts  were conducted in 
l abo ra to ry  ambient a i r .  For low pressure  performance t e s t i n g ,  t h e  aluminum 
pro to type  panel  was i n s t a l l e d  i n  a low temperature (-20 C) tes t  chamber previ-  
ous ly  developed f o r  t h e  s t a i n l e s s  s t e e l  honeycomb panel.  
methods, and hea t  t r a n s p o r t  performance r e s u l t s  are descr ibed  i n  t h e  fol lowing 
s ec t i  ons . 
0 
The test  equipment, 
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6.3.1 T e s t  Setup 
The tes t  se tup  which was used f o r  the s t a i n l e s s  s teel  honeycomb panel per- 
formance t e s t i n g  w a s  a l s o  used f o r  t e s t i n g  t h e  prototype aluminum panel.  
t es t  setup i s  shown schematical ly  i n  Figure 4-11. As previously descr ibed ,  
the  h e a t  s ink  requi red  f o r  low temperature  t e s t i n g  a t  -2OOC ( - 4 O F )  is provided 
by s i x  0.20 m (8.0 inch)  wide f langed aluminum ext rus ions  with 25.4 mm 
(1.0 inch)  diameter coolan t  passages.  
t e s t  panel and th ree  below f o r  hea t  r e j e c t i o n  from both s ides  of the  panel.  
The flanged su r faces  of t h e  ex t rus ions  fac ing  t h e  tes t  u n i t  were painted wi th  
f l a t  b lack  pa in t .  For low temperature t e s t i n g ,  t h e  panel w a s  enclosed i n  a 
3.35 m long by 0.76 m wide by 0.61 m high (132.0 by 30.0 by 24.0 inch)  P lex i -  
g l a s  chamber. Note t h a t  t h i s  i s  not  a vacuum chamber. Heat t r a n s f e r  from the  
hea t  pipe t o  the  hea t  s i n k  i s  by r a d i a t i o n  and n a t u r a l  convection. 
was provided by flowing gaseous n i t rogen  from a l i q u i d  n i t rogen  dewar conta iner  
through the  coolan t  passages of t he  aluminum ex t rus ions  descr ibed above. 
This  
Three ex t rus ions  a r e  placed above t h e  
Cooling 
0 0 I n  high temperature t e s t i n g ,  a t  temperatures up t o  70 C (158 F) ,  t h e  top  t h r e e  
ex t rus ions  were removed f o r  e f f i c i e n t  convect ion and r a d i a t i o n  cool ing  t o  t h e  
l abora to ry  ambient a i r .  The panel  i s  centered  approximately 76.2 mm 
(3.0 inches)  from the  f langed s u r f a c e s  of t he  h e a t  s i n k s ,  using a t o t a l  of 
e i g h t  a d j u s t a b l e  P lex ig l a s  support  legs .  Figure 6-3 i s  a photograph of t he  
tes t  f i x t u r e  being used f o r  ambient t e s t i n g .  The P lex ig l a s  chamber is l oca t ed  
below the  tes t  f i x t u r e  i n  t h i s  photograph. Note t h a t  the  aluminum "T" beam 
used f o r  support  w a s  thermally i s o l a t e d  from t h e  panel  wi th  12.7 mm (0.50 inch)  
t h i c k  phenolic spacer  blocks.  
Th i r ty  copper-Constantan (Type T) f o i l  thermocouples were taped d i r e c t l y  t o  
the  prototype hea t  pipe panel  su r f ace  with Kapton t ape  a t  the l o c a t i o n s  shown 
i n  Figure 6-4. 
good thermal con tac t  and t o  minimize t h e  e f f e c t  of convect ion c u r r e n t s  on t e m -  
pe ra tu re  readings.  Note t h a t  i n  F igure  6-4 t h e r e  are t h r e e  thermocouples on 
each 0.6 by 0.3 m (24.0 by 12.0 inch)  formed panel.  One thermocouple i s  loca- 
ted on the  top  su r face  next t o  the cen te r  h e a t e r ,  and the  remaining two thermo- 
couples a r e  loca ted  on t h e  bottom su r face ,  near  t h e  o u t e r  edges of t h e  panel.  
Each thermocouple was covered wi th  ceramic pape r  t o  ensure 
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Figure 6-3 Performance t e s t  stat ion.  
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I 
SURFACE 
(20 TOTAL) 
CENTER HEATER' \ ' ' 
2.54 WIDE THERMOCOUPLES ON 
TOP SURFACE (10 TOTAL) 
NOTE: DIMENSIONS IN CENTIMETERS 
9 7 0  
#4 
B El 
12 18 11 
El 0 0  
0 0  El 
18 16 17 
El 0 0  
21 19 20 
0 0  El 
u5 
15 13 14 
#6 I 
#7 
#0 
.24 22 23 
Figure 6-4 Proto type  panel  hea t  p ipe  
ins t rumenta t  ion .  
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EDGE HEATER 
2.54 WIDE 
Heat input was provided by the  center  and edge hea ters .  
used f o r  both the  high and low temperature thermal performance tests. 
edge hea te r  was used f o r  t ilt  t e s t ing .  
6.35 mm (0.25 inch)  wide Clayborne Labs hea te r  s t r i p s  ( P a r t  Number E-16-21, 
wired i n  p a r a l l e l .  
s t r i p .  
cen ter  hea te r  simulates a high capaci ty  t ranspor t  heat  pipe o r  pumped loop. 
The edge hea te r  w a s  used f o r  t i l t  t e s t i n g ,  which determines the  heat  p ipe ' s  
s e n s i t i v i t y  t o  adverse t i l ts .  
The cen te r  hea te r  w a s  
The 
The hea ter  assemblies cons i s t  of four 
This is  equivalent t o  a 25.4 mm (1.0 inch)  wide hea ter  
The The hea te r s  span the  e n t i r e  length of the  panel (Figure 6-4). 
6.3.2 High Temperature Performance Tes t ing  
For the high temperature t e s t ,  the  panel was leveled t o  within k1.27 mm 
(0.050 inch) i n  the  t e s t  f i x t u r e  with the  three  top cooling channels removed 
(Figure 6-3). 
heater  (Figure 6-4) with ambient a i r  a s  t he  hea t  s ink.  
increased i n  100-watt increments u n t i l  1000 wa t t s  was reached with no s igns of 
dryout. 
The panel was designed t o  operate  below 70 C. 
a r e  shown i n  Table 6-2 and Figure 6-5. 
along with computer predict ions.  
Input power of 600 wat t s  was i n i t i a l l y  applied t o  the  center  
The power w a s  then 
Test ing was stopped a t  1000 wat ts  because of a hea t  s i n k  l imi t a t ion .  
Corresponding temperature da t a  0 
Resul ts  a r e  a l s o  p lo t ted  i n  Figure 6-6, 
From Table 6-2, i t  can be seen tha t  individual  panel ATs var ied from a low of 
0.IoC to a high of 7.7OC. The average AT w a s  2.3OC. 
panel temperature r e su l t ed  from a i r  cur ren ts  i n  the  l a b  causing uneven convec- 
t i v e  cooling. 
uneven cool ing e f f e c t .  
Variat ions i n  average 
Thermal t e s t i n g  i n  a vacuum environment would e l imina te  t h i s  
To determine the  cause of the  higher  ATs, a tilt  t e s t  w a s  performed on 
Panel No. 5 ,  which had a AT of 7.7OC. The objec t ive  was t o  determine whether 
f l u i d  o r  noncondensable gas caused the  high AT. Panel No. 5 was instrumented 
per Figure 6-7 and leveled t o  k1.27 mm (0.050 inch) .  
was applied t o  the  prototype panel (equivalent  t o  70 wat ts  f o r  Panel No. 5 )  
Input power of 700 wat t s  
with ambient a i r  cooling. 
Panel No. 5 were recorded (Figure 6-7). 
After  reaching s teady s t a t e ,  temperature da t a  f o r  
These da ta  show t h a t  t he re  i s  a co ld  
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spot  a t  the l o c a t i o n  of thermocouple No. 2. The panel edge, where thermocouple 
No. 2 w a s  l oca t ed ,  w a s  then l i f t e d  12.7 mm (0.50 inch)  above the  oppos i te  panel  
edge t o  see i f  any temperature changes would occur. 
t he  pane l ,  t he  temperature a t  thermocouple No. 2 increased  by 6OC. 
c l e a r  evidence of a f l u i d  puddle. Corresponding f l a t n e s s  d a t a  f o r  Panel No. 5 
(F igure  6-7) show t h a t  t he  o u t e r  panel edges are lower than the  middle of t h e  
panel.  
have a tendency t o  d r a i n  t h e  surrounding grooves of f l u i d  and cause a f l u i d  
puddle t o  occur. 
Immediately a f t e r  l i f t i n g  
This  was 
It can  be concluded t h a t  any l o c a l i z e d  low s p o t s  i n  the  panel w i l l  
6.3.3 Low Temperature Tes t ing  
For low temperature t e s t i n g ,  t h e  top  t h r e e  coolant  channels were i n s t a l l e d  on 
the  t e s t  f i x t u r e  as previously s t a t e d .  The t e s t  se tup  was then  placed i n  t h e  
l o w  temperature P lex ig l a s  tes t  chamber and leveled t o  wi th in  f1.27 mm 
(0.050 inch) .  
passed through both the top and bottom coolant  channels.  The flow through the  
bottom channels  w a s  i n  t h e  oppos i t e  d i r e c t i o n  of flow as compared t o  t h e  t o p  
channels.  Af t e r  cooldown t o  approximately -2OOC (-4OF) , 300 w a t t s  w a s  appl ied  
t o  the  c e n t e r  hea te r .  The power was increased  i n  100 w a t t  increments u n t i l  
dryout w a s  observed. The panel he ld  700 w a t t s ,  and dryout occured a t  800 wat t s .  
Table 6-3 shows the  temperature d a t a  recorded a t  700 w a t t s .  Resul t s  are a l s o  
p l o t t e d  i n  Figure 6-6 a long  wi th  computer p red ic t ions .  
Nitrogen vapor from a l i q u i d  n i t rogen  dewar con ta ine r  w a s  then  
6.3.4 T i l t  Tes t ing  
For t i l t  t e s t i n g ,  t he  panel  w a s  f i r s t  l eve led  i n  the  test f i x t u r e  ( t o p  cool ing  
channels removed) t o  w i th in  k1.27 mm (0.050 inch )  f o r  the  zero  t i l t  condi t ion.  
Power inpu t  of 200 w a t t s  w a s  t hen  appl ied  t o  t h e  edge h e a t e r  (F igure  6-4) w i th  
ambient a i r  cool ing.  Power was then increased i n  50 w a t t  increments u n t i l  
dryout.  The panel he ld  300 wa t t s  before  dryout  w a s  observed a t  350 wat t s .  
This t e s t  w a s  then repeated f o r  3.17 mm (0.125 inch )  and 6.35 mm (0.25 inch)  
t i l t s .  Resul t s  of these  t e s t s  a r e  p lo t t ed  i n  Figure 6-8. 
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6.3.5 Burst Pressure T e s t  
The bu r s t  pressure  test was  performed on a 0.6 by 0.3 m (24.0 by 12.0 inch) 
formed design panel. 
the  f ab r i ca t ion  of the  3.0 by 0.6 m (120.0 by 24.0 inch)  aluminum prototype 
panel. 
thickness  w a s  measured and recorded a t  15 reference loca t ions .  
then placed i n  a s a f e t y  chamber and was i n t e r n a l l y  pressurized with n i t rogen  
gas. 
The panel was i d e n t i c a l  t o  the  ind iv idua l  panels used i- 
P r i o r  t o  t e s t i n g ,  the  b u r s t  u n i t  w a s  helium leak checked, and the  panel 
The panel was 
Pressure was appl ied i n  10 p s i g  increments, holding f o r  30 minutes a t  each 
pressure l eve l ,  u n t i l  100 ps ig  w a s  reached. Then, t he  pressure w a s  increased 
i n  20 ps ig  increments. After  each pressure l e v e l ,  t he  pressure w a s  re leased ,  
and the  panel was removed from the  s a f e t y  chamber t o  record any permanent defor- 
mations. 
occurred. 
The bu r s t  u n i t  was a l s o  helium leak checked t o  v e r i f y  t h a t  no leaks 
The r e s i s t ance  spot  welds f a i l e d  a t  approximately 160 ps ig ,  as the  pressure 
w a s  being increased from 160 t o  180 psig.  
deformation p r i o r  t o  burs t .  
acetone a t  a maximum temperature of 70 C. 
t h a t  t h i s  u n i t  i s  heavier  than necessary. 
t o  achieve even l i g h t e r  weight panels i n  the  future .  
a r e  photos of the  bu r s t  u n i t  before and a f t e r  burs t  t e s t ing .  
There w a s  no evidence of permanent 
This r e s u l t s  i n  a f a c t o r  of s a f e t y  of 6.9 f o r  
0 Such a l a rge  s a f e t y  f a c t o r  means 
The design can be f u r t h e r  re f ined  
Figures 6-9a and 6-9b 
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ORIGINAI; PAGE IS 
OF POOR QUALrrY 
E5501 
(a) BURST UNIT BEFORE BURST TEST 
(b) BURST UNIT AFTER BURST TEST 
Figure 6-9 Photograph of b u r s t  p r e s s u r e  u n i t .  
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7.0 CONCLUS IONS AND RECOMMENDATIONS 
Both the  s t a i n l e s s  s t e e l  honeycomb and the aluminum heat  pipe r a d i a t o r  panels 
were successfu l ly  fabr ica ted  and tes ted .  Thermal performance t e s t i n g  demon- 
s t r a t e d  a f i n  e f f i c i ency  of approximately 1.0 f o r  both panels. 
summary of the s t a i n l e s s  s t e e l  panel and the aluminum panel developmental 
r e s u l t s .  
Table 7-1 i s  a 
A heat  t ranspor t  capaci ty  of 600 wa t t s  a t  5OoC was achieved f o r  the  3.0 by 0.6 m 
(120.0 by 24.0 inches)  s t a i n l e s s  s t e e l  prototype panel,  with methanol as t h e  
working f l u i d .  
the  e n t i r e  ac t ive  surface.  
the  design goal of 1000 wat t s ,  pr imari ly  because the vapor holes  were punched 
i n  every o ther  crimp of the  core  ribbon ma te r i a l ,  r a t h e r  than every crimp a s  
o r i g i n a l l y  spec i f ied .  This r e s t r i c t e d  vapor flow movement and reduced the  over- 
a l l  performance. 
r e s u l t s  pred ic t s  t h a t  the 1000 wat t  goal can be exceeded by simply including 
the  co r rec t  number and d i s t r i b u t i o n  of vapor holes  i n  the  honeycomb ribbon 
The heat  pipe panel was isothermal t o  wi th in  i1.5OC throughout 
However, the  hea t  t ranspor t  capac i ty  f e l l  sho r t  of 
Analysis with a model cor re la ted  t o  the  as -bui l t  panel tes t  
mater ia l .  798 
TABU 7-1 
SUMMARY OF PROTOTYPE PANEL HEAT PIPE RESULTS 
Mater ia l s  
Wick Type 
Working Flu id  
Nominal Dimensions 
cm ( in . )  
Wet Weight 
kg/m2 ( lbm/f t2)  
Thermal Performance 
Honeycomb Design 
(S ta in l e s s  S t e e l )  
316 S t a i n l e s s  S t e e l  
Screen 
Methanol 
305.0 x 61.0 x 0.64 
(120.0 x 24.0 x 0.25) 
9.2 (1.90) 
Max Transport 
600 wa t t s  a t  50OC (Test 
r e s u l t s  of as -bui l t  
panel;  ana lys i s  indi-  
ca t e s  1000 W f o r  
current  design).  
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Formed Design 
(Aluminum) 
6061 Aluminum 
Grooves 
Acetone 
310.0 x 61.0 x 0.38 
(122.0 x 24.0 x 0.15) 
7.1 (1.46) 
1000 watt  a t  7OoC; 
no dryout observed, 
heat  s ink  l imi ted  
The 3 .1  by 0.6 m (122.0 by 24.0 inches )  aluminum hea t  pipe prototype panel he ld  
1000 wat t s  a t  7OoC with acetone as the  working f l u i d .  
because the  test f a c i l i t y  hea t  s i n k  l i m i t  w a s  reached a t  1000 watts.  The indi -  
v idua l  panel  ATs va r i ed  from a low of 0 . 1  C t o  a high of 7.7OC. 
panel AT was 2.3OC. 
weight (57.0 Kg/m requirements.  Moreover, f a b r i c a t i o n  and tes t  r e s u l t s  i n d i -  
c a t e  t h a t  f u r t h e r  reduct ions  i n  weight are poss ib le .  
No dryout  was observed 
0 The average 
The prototype aluminum panel meets both performance and 
2 
Although t h e  prototype panel h e a t  pipes  descr ibed i n  t h i s  r epor t  were developed 
as space r a d i a t o r  f i n s ,  panel hea t  pipes  have many o the r  app l i ca t ions .  As space- 
c r a f t  hea t  loads inc rease ,  more e f f i c i e n t  h e a t  s ink ing  methods are requi red .  
The a p p l i c a t i o n  of hea t  pipe technology t o  the  design of spacec ra f t  shelves  i s  
one area of importance. Panel h e a t  pipes  can a l s o  be used as i so thermal  cold-  
p l a t e s  f o r  space experiments o r  cool ing  e l e c t r o n i c s .  E lec t ron ic  packages can 
be mounted t o  the  c o l d p l a t e ,  which can then  be "plugged" i n t o  a waste h e a t  t h e r -  
m a l  bus. 
The cu r ren t  e f f o r t  has demonstrated t h a t  the  f a b r i c a t i o n  of l igh tweight  alumi- 
num hea t  pipe panels  i s  f e a s i b l e  using s ta te-of- the-ar t  technology and equip- 
ment. Areas t h a t  w i l l  r equ i r e  f u r t h e r  development before  f l i g h t  designs can 
be f i n a l i z e d  are: 
1. Optimize module design 
2. I n t e g r a t i o n  methods 
3. L i f e  t e s t i n g .  
Optimize Module Design - Before f a b r i c a t i o n  of a f l i gh t - r eady  aluminum hea t  pipe 
r a d i a t o r  f i n  can begin,  the fol lowing des ign  parameters must be def ined:  module 
s i z e ,  f l a t n e s s ,  i n t e r f a c e  and f i l l  tube l o c a t i o n s ,  mounting methods, su r f ace  
f i n i s h e s ,  and s t r u c t u r a l  ( s t i f f n e s s )  requirements.  One of t h e  most important 
design parameters l i s t e d  i s  module s i z e .  
t o r  hea t  pipe f i n  c o n s i s t s  of t e n  0.6 by 0 . 3  m (24.0 by 12.0 inches)  pane ls  com- 
bined t o  form one 3.1 by 0.6 m (122.0 by 24.0 inches)  panel. 
l o g i s t i c s  po in t  of view, however, i t  i s  d e s i r a b l e  t o  have l a r g e r  hea t  pipe panels .  
The cu r ren t  aluminum prototype rad ia-  
From a c o s t  and 
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Preliminary inves t iga t ions  have shown t h a t  ind iv idua l  panels  on the  order of 
0.6 m (24.0 inches)  wide by 1.2 t o  1.5 m (48.0 t o  60.0 inches)  long can be 
achieved with cur ren t  f ab r i ca t ion  techniques. This would s i g n i f i c a n t l y  reduce 
the  amount of hea t  pipe processing and assembly time f o r  a given r a d i a t o r  mod- 
u le .  
pipe panels with improved performance. 
deeper grooves or the  channel core panel, which has the  highest  heat  t ranspor t  
performance. The use of screen ma te r i a l  t h a t  i s  s i n t e r e d ,  brazed, or spot  
welded t o  the  groove facesheets  could a l s o  improve ove ra l l  performance f o r  wide 
hea t  pipe f i n s .  
Wider f i n  lengths ,  g r e a t e r  than 0.6 m (24.0 inches) ,  w i l l  r equi re  heat  
This can be achieved by the  use of 
A s  previously descr ibed,  thermal performance test r e s u l t s  showed tha t  var ia-  
t i o n s  i n  panel f l a t n e s s  can cause f l u i d  puddling i n  l-g t e s t i n g .  The welding 
and machining processes cause d i s t o r t i o n s  i n  the panel surface.  
num prototype panel,  a l l  t en  0.6 by 0.3 m (24.0 by 12.0 inches)  formed panels 
were s t ra ightened manually. This process w a s  i n e f f i c i e n t  and lacked precis ion.  
A s  panel s i z e s  a r e  increased,  a more e f f i c i e n t  and prec ise  method of panel 
s t r a igh ten ing  w i l l  be required.  
For t he  alumi- 
Inves t iga t ions  i n t o  a l t e r n a t e  f ab r i ca t ion  methods and ma te r i a l s  are recommended 
f o r  f u r t h e r  c o s t  and weight savings. 
roll-bond techniques or chemical mi l l i ng  of grooves, a r e  ways of reducing f ab r i -  
ca t ion  c o s t s  and allowing even l a r g e r  (>1.5 m long) module s i zes .  Also, switch- 
ing t o  7000 s e r i e s  aluminmu o r  graphi te  re inforced aluminum could reduce weight 
by a s  much as 20 percent.  
Advanced methods of f ab r i ca t ion ,  such as 
In t eg ra t ion  Methods - Mounting of the heat  pipe r a d i a t o r  panels t o  the  t rans-  
por t  hea t  pipe w i l l  r equi re  add i t iona l  development. 
fo r  on-orbit f ab r i ca t ion  and r e p a i r  w i l l  be c r i t i c a l .  
be simple, yet  provide good thermal contact  between the  r a d i a t o r  panels and t h e  
t ranspor t  hea t  pipe. Methods of attachment, such as s tud welding of f a s t ene r s  
or d r i l l i n g  of mounting holes ,  must  be developed. 
f i n i shes ,  clamping pressures ,  and use of i n t e r s t i t i a l  ma te r i a l s ,  such as plated 
t i n  and loaded epoxies t o  reduce thermal r e s i s t ances ,  w i l l  need t o  be addressed. 
Ease of system assembly 
Attachment methods must 
1 Also, required su r face  
7 -3 
Life Testing - Current literature on aluminum/acetone compatibility is limited. 
Our experience with the aluminum prototype panel shows promising results. How- 
ever, a life testing program using aluminum alloys with acetone as the working 
fluid will be required to verify compatibility. 
recommended. 
Several life test panels are 
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